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INTRODUCTION; 

The  Insulin-like  growth  factors  (IGFs)  are  potent  mitogens  for  normal  and  cancerous 
prostatic  cells.  The  IGFs  are  found  complexed  to  IGF  binding  proteins  (IGFBPs),  which 
modulate  IGF  bioactivity,  but  may  themselves  act  in  an  IGF-independent  manner.  We 
have  characterized  recently  a  series  of  IGFBP-related  proteins  (IGFBP-rPs)  which  share 
homology  with  the  IGFBPs  in  the  amino-terminus,  bind  IGFs  with  low  affinity,  and 
regulate  cell  growth  through  both  IGF-dependent  and  IGF-independent  actions  (1).  This 
grant  is  directed  at  the  study  of  IGFBP-rP2  (more  commonly  known  as  connective  tissue 
growth  factor)  as  a  regulator  of  normal  and  malignant  prostatic  growth.  The  specific  aims 
are  to:  1)  analyze  IGFBP-rP2  mRNA  and  protein  expression  and  distribution  in  normal 
and  malignant  prostatic  tissues;  2)  determine  the  transcriptional,  translational  and  post- 
translational  regulation  of  IGFBP-rP2;  and  3)  determine  the  mechanisms  by  which 
IGFBP-rP2  regulates  prostatic  growth. 


BODY: 

In  our  prior  funding  period,  we  listed  the  following  accomplishments:  1)  first 
characterization  of  IGFBP-rP2  mRNA  and  protein  expression  in  normal  and  malignant 
prostatic  cells  (2);  2)  first  demonstration  of  up-regulation  of  IGFBP-rP2  in  the  prostate 
by  TGF-beta  and  all-trans  retinoic  acid,  and  down-regulation  by  IGF-I  (2);  3)  first 
demonstration  of  regulation  of  IGFBP-rP2  mRNA  and  protein  expression  by  sodium 
butyrate  (3).  We  have,  over  the  past  year,  extended  these  studies  and  explored  new  areas 
in  the  regulation  of  IGFBP-rP2  gene  expression  and  action. 

Since  IGFBP-rP2  has  been  believed  to  play  a  role  in  fibrotic  disease  states,  and  is  a 
potent  inducer  of  extracellular  matrix  synthesis  and  angiogenesis,  we  sought  to  determine 
whether  it  is  up-regulated  by  advanced  glycosylation  end  products  (AGE)  in  primary 
cultures  of  nonfetal  human  dermal  fibroblasts.  AGE  treatment  increased  IGFBP-rP2 
steady  state  mRNA  levels  in  a  time-  and  dose-dependent  manner.  In  contrast,  mRNAs  for 
other  IGFBP  superfamily  members  were  not  up-regulated.  The  effect  of  the  AGE  BSA 
reagent  was  shown  to  be  due  to  nonenzymatic  glycosylation  of  BSA  and,  using 
neutralizing  antisera  to  AGE  and  to  the  receptor  for  AGE  (RAGE),  was  seen  to  be  due  to 
late  products  of  nonenzymatic  glycosylation  and  was  partly  mediated  by  RAGE.  Reactive 
oxygen  species  as  well  as  endogenous  TGF-beta  1  could  not  explain  the  AGE  effect  on 
IGFBP-rP2  mRNA  or  protein.  We  concluded  that  AGE  up-regulates  prefibrotic  and 
proangiogenic  IGFBP-rP2,  which  then  plays  a  pivotal  role  in  cell  proliferation  (4).  In 
subsequent  studies,  IGFBP-rP2  was  shown  to  be  an  autocrine  mediator  in  the  induction  of 
fibronectin  by  AGE  (5).  These  results  have  clear  implications  for  expansion  of 
extracellular  matrix  in  processes  such  as  diabetes,  but  clearly  have  importance  for  all 
proliferative  actions  of  IGFBP-rP2. 
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The  means  by  which  IGFBP-rP2  acts  are  undoubtedly  complex  and  have  been  a  subject 
of  active  investigation.  By  affinity  cross-linking  studies,  ligand  blotting  and  solution 
binding  assays,  the  affinity  of  IGFBP-rP2  for  the  IGFs  is  at  least  three  orders  of 
magnitude  lower  than  that  of  the  conventional  IGFBPs.  In  studies  employing  biosensor 
analysis,  the  affinity  of  IGFBP-rP2  for  immobilized  IGFs  was  below  the  limits  of 
detection.  These  studies  confirm  our  underlying  hypothesis  that  the  actions  of  IGFBP-rP2 
as  a  regulator  of  cell  proliferation  in  the  prostate  and  other  tissues  is  not  primarily  related 
to  its  ability  to  bind  IGFs  with  high  affinity  and  sequester  these  growth  factors  fi-om  their 
receptors.  On  the  other  hand,  these  findings  do  not  preclude  the  possibility  that  IGFBP- 
rP2  is  interacting  with  the  IGF  system  by  some  other  means.  Initial  investigations  were 
performed  in  NIH3T#  cells  that  overexpress  the  type  I  IGF  receptor,  and  where  IGF-I 
reproducibly  stimulates  typrosine  phosphorylation  of  the  IGFIR.  As  expected, 
preincubation  of  IGF-I  with  equimolar  IGFBP-3  abrogated  IGF-induced  IGFIR 
autophosphorylation  and  subsequent  signal  transduction.  Under  identical  circumstances, 
however,  our  baculovirus-generated  IGFBP-rP2  enhanced  IGF-induced 
autophosphorylation  of  IGFIR.  These  findings  were  corroborated,  employing  avariety  of 
different  IGFBP-rP2  preparations  (FLAG-tagged  and  nontagged,  as  well  as  heparin- 
column  purified).  These  remarkable  observations  were  supported  by  experiments 
showing:  1)  that  preincubation  of  IGF-I  and  IGFBP-rP2  appears  to  be  necessary  for 
enhanced  IGF-induced  signaling;  2)  that  the  effects  of  IGFBP-rP2  on  IGF-stimulated 
signaling  appear  to  be  dose-dependent;  3)  that  IGFBP-rP2  sustains  IGF-stimulated 
signaling;  and  4)  that  the  effects  of  IGFBP-rP2  appear  to  be  specific  for  the  IGFs,  and 
cannot  be  replicated  with  either  insulin  or  EGF.  Given  the  importance  of  the  IGF- IGF 
receptor  axis  in  normal  and  malignant  prostatic  growth,  these  findings  have  considerable 
potential  significance. 


KEY  RESEARCH  ACCOMPLISHMENTS  OVER  LAST  12  MONTHS: 

•  Demonstration  of  regulation  of  IGFBP-rP2  mRNA  and  protein  by  advanced 
glycosylation  endproducts.  These  findings  extend  our  previous  observations  of 
transcriptional  regulation  of  IGFBP-rP2  by  TGF-beta  and  by  sodium  butyrate. 

•  Demonstration  that  induction  of  fibronectin  by  advanced  glycosylation 
endproducts  is  partly  mediated  by  the  AGE-induced  up-regulation  of  cell-derived 
IGFBP-rP2.  These  findings  have  potential  implications  for  the  ability  of  IGFBP- 
rP2  to  act  as  a  pro-fibrotic  and  pro-angiogenic  factor. 

•  Demonstration  that  IGFBP-rP2  enhances  IGF-induced  autophosphorylation  of  the 
IGF-I  receptor,  as  well  as  post-receptor  signaling. 
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REPORTABLE  OUTCOMES: 


1 .  Vorwerk  P,  Hohmann  B,  Oh  Y,  Rosenfeld  RG,  Shymko  RM:  Binding  properties 
of  insulin-like  growth  factor  binding  protein-3  (IGFBP-3),  IGFBP-3  N-  and  C- 
terminal  fragments,  and  members  of  the  IGFBP  superfamily  measured  using  a 
biosensor.  Endocrinology  (in  press) 

2.  Twigg  SM,  Chen  MM,  Joly  AH,  Chakrapani  SD,  Tsubaki  J,  Kim  H-S,  Oh  Y, 
Rosenfeld  RG:  Advanced  glycosylation  end  products  up-regulate  connective 
tissue  growth  factor  (insulin-like  growth  factor-binding  protein-related  protein  2) 
in  human  fibroblasts:  a  potential  mechanism  for  expansion  of  extracellular  matrix 
in  diabetes  mellitus.  Endocrinology  142:1760-1769, 2001 

3.  Twigg  SM,  Joly  AH,  Chen  MM,  Tsubaki  J,  Kim  H-S,  Hwa  V,  Oh  Y,  Rosenfeld 
RG:  Connective  tissue  growth  factor/IGFBP-rP2  is  a  mediator  in  the  induction  of 
fibronectin  by  advanced  glycosylation  end-products  in  human  dermal  fibroblasts. 
Endocrinology  (in  press) 

4.  Tsubaki  J,  Choi  W-K,  Ingermann  AR,  Twigg  SM,  Kim  H-S,  Rosenfeld  RG,  Oh 
Y :  Effects  of  sodium  butyrate  on  expression  of  members  of  the  IGF-binding 
protein  superfamily  in  human  mammary  epithelial  cells.  J  Endocrinol  169:97-1 10, 
2001 

5.  von  Horn  H,  Hwa  V,  Rosenfeld  RG,  Hall  K,  The  BT,  Tally  M,  Ekstrom  TJ,  Gray 
SG:  Altered  expression  of  low  affinity  insulin-like  growth  factor  binding  protein 
related  proteins  I  hepatoblastoma  (submitted  for  publication) 


CONCLUSIONS: 

Studies  over  the  last  two  years  have  demonstrated  clearly  that  IGFBP-rP2  is  widely 
expressed  in  prostatic  cells.  Depending  upon  the  environment  and  the  circumstances, 
IGFBP-rP2  appears  capable  of  behaving  as  a  selective  tumor  suppressor,  while  also 
functioning  as  a  general  pro-fibrotic  and  pro-angiogenic  factor.  These  observations  are 
supported  by  studies  of  the  transcriptional  and  translational  regulation  of  IGFBP-rP2  in  a 
variety  of  tissues.  Given  the  low  affinity  of  IGFBP-rP2  for  the  IGFs,  the  major  actions  of 
IGFBP-rP2  must  be  independent  of  any  ability  it  may  have  to  bind  and  sequester  IGFs. 
These  findings  are  consistent  with  a  growing  body  of  evidence  that  even  the  high-affinity 
IGFBPs  can  function  in  an  IGF-independent  manner  under  select  circumstances.  On  the 
other  hand,  the  ability  of  IGFBP-rP2  to  act  in  a  manner  independent  of  its  affinity  for 
IGFs  does  not  preclude  its  interaction  with  the  IGF  signaling  cascade, 

“So  what”:  Prostate  carcinogenesis  involves  the  loss  of  normal  growth  regulatory 
machinery.  The  IGF  system  has  been  identified  as  a  key  participant  in  this  process  and, 
given  its  complexity,  we  should  not  be  surprised  at  the  multiple  interfaces  between  the 
IGF  axis  and  other  growth  regulators.  IGFBP -rP2  has  now  been  demonstrated  to  be 
capable  of  functioning  as  both  a  potent  tumor  suppressor  and  a  pro-fibrotic  and  pro- 
angiogenic  factor.  It  is  clear  that  further  studies  are  required  to  unravel  its  complex 
regulation  and  actions. 
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Abstract 

Dietary  factors  play  an  important  role  in  both  the  devel¬ 
opment  and  prevention  of  human  cancers,  including  breast 
carcinoma.  One  dietary  micronutrient,  sodium  butyrate 
(NaB),  is  a  major  end  product  of  dietary  starch  and  fiber, 
produced  naturally  during  digestion  by  anaerobic  bacteria 
in  the  cecum  and  colon.  NaB  is  a  potent  growth  inhibitor 
and  initiates  ceU  differentiation  for  many  cell  types  in  vitro. 
In  this  study,  we  investigated  the  effects  of  NaB  on  three 
human  mammary  epithelial  cells  and  regulation  of  the  IGF 
axis,  specifically,  IGF-binding  protein-3  (IGFBP-3),  a 
known  growth  regulator  in  human  mammary  cells,  and 
IGFBP-related  protein  2  (IGFBP-rP2) /connective  tissue 
growth  factor. 

NaB  inhibited  DNA  synthesis,  as  measured  by  pH]thy- 
midine  incorporation,  in  estrogen-responsive  (MCF-7) 
and  estrogen-non- responsive  (Hs578T)  breast  cancer  cells, 
and  normal  human  mammary  epithelial  cells  (HMEC)  to 
a  similar  degree  (up  to  90%  inhibition  at  1-10  mM 
concentrations).  Treatment  of  cells  with  NaB  induced 
histone  hyperacetylation,  suggesting  that  NaB  exerts  its 
biological  effects,  at  least  in  part,  as  a  histone  deacetylase 
inhibitor  in  mammary  epithelial  cells.  Treatment  of 
Hs578T  cells  with  NaB  caused  an  induction  of  apoptotic 
cell  death.  NaB  treatment  resulted  in  increased  levels  of 


p2iwafi/cipi  and  protein  in  Hs578T  ceUs  and 

distinct  upregulation  ofp27'^''’’  in  HMEC,  suggesting  that 
NaB  activates  different  genes  involved  in  cell  cycle  arrest, 
depending  upon  the  cell  type.  In  the  same  context,  among 
the  IGFBP  superfamily  members  tested,  NaB  specifically 
upregulated  the  expression  of  IGFBP-3  and  IGFBP-rP2. 
These  two  proteins  are  known  to  be  involved  in  inhibition 
of  mammary  epithehal  cell  replication.  Northern  blot 
analysis  showed  that  NaB  treatment  at  1— lOmM 
concentrations  caused  a  dose-dependent  stimulation  of 
IGFBP-3  mBJ^A  expression  in  cancerous  cells  and 
IGFBP-rP2  niRNA  expression  in  both  cancerous  and 
non-cancerous  cells.  Protein  data  from  Western  ligand  blot 
and  immunoblot  analyses  demonstrated  parallel  results. 

In  summary,  we  have  demonstrated  that  NaB  (i) 
uniformly  suppresses  DNA  synthesis  in  both  cancerous 
and  non-cancerous  mammary  cells,  and  (ii)  upregulates 
IGFBP-3  and  IGFBP-rP2  mRNA  and  protein  levels  in 
cancerous  and  non-cancerous  mammary  cells.  These 
results  provide  the  first  demonstration  that  butyrate 
regulates  the  IGFBP  system  in  the  human  mammary 
system. 
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Introduction 

Butyric  acid  is  a  4-carbon  fatty  acid  which  is  the  major 
product  from  microbial  fermentation  of  dietary  fibers  in 
the  large  intestine  (Velazquez  et  al.  1997).  It  is  a  potent 
growth  inhibitor  and  initiates  cell  differentiation  in  several 
cell  types,  including  breast  cancer  cells  in  vitro  (Coradini 
et  al  1997,  Velazquez  et  al  1997,  Gleave  et  al  1998, 
Yamamoto  et  al  1998).  Although  the  molecular  mech¬ 
anisms  by  which  butyrate  exerts  its  effects  are  still  unclear, 
it  is  known  to  induce  a  number  of  alterations  within  the 
nucleus,  including  histone  hyperacetylation  (de  Haan  et  al 
1986,  Archer  &  Hodin  1999). 


It  has  been  reported  that  butyrate,  as  well  as  trichostatin 
A  (TSA),  a  specific  histone  deacetylase  inhibitor  (Yoshida 
et  al.  1990),  modulates  specific  genes  involved  in  cell  cycle 
regulation  and  apoptosis.  These  include  the  cyclin- 
dependent  kinase  (cdk)  inhibitor  (Archer 

et  al  1998),  pi (Schwartz  et  al  1998),  p27^P^ 
(Litvak  et  al  1998),  retinoblastoma  protein  (Vaziri  et  al 
1998),  cyclin  D1  (Lallemand  et  al  1996,  Siavoshian  et  al 
1997),  Bcl-2  and  Bax  (Mandal  &  Kumar  1996,  Hague 
et  al  1997).  Furthermore,  butyrate  has  also  been  reported 
to  upregulate  the  expression  of  transforming  growth 
factor-P  (TGF-P)  (Staiano-Coico  et  al  1990),  which  is 
known  to  be  involved  in  growth  suppression  of  various 
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cancer  cells,  including  breast  cancer  cells  (Knabbe  et  al 
1987). 

Insulin-like  growth  factors  (IGFs)  are  potent  mitogens 
for  several  cell  types  (Macaulay  1992,  Resnicoff  et  al. 
1995).  The  IGF  system  consists  of  IGF-I  and  IGF-II 
ligands,  the  transmembrane  type  I  and  type  II  IGF 
receptors,  the  IGF-binding  proteins  (IGFBPs)  and  IGFBP 
proteases  (Hwa  et  ai  1999).  Recently,  the  concept  of  the 
IGFBP  superfamily  has  been  proposed  (Baxter  et  al.  1998); 
it  consists  of  high  affinity  IGF  binders  (IGFBP-1  to  -6) 
and  low  affinity  IGF  binders  (IGFBP-related  proteins 
(IGFBP-rPs)).  The  IGFBPs  modulate  IGF  bioactivity,  and 
bind  with  differential  affinities  to  IGFs  in  serum  and 
various  biological  fluids  (Kelley  et  ai  1996,  Rajaram  et  al. 

1997) .  In  addition,  recent  evidence  suggests  that  some 
IGFBPs  may  have  direct  receptor-mediated  effects 
independent  of  IGFs  (Oh  et  al  1993).  IGFBP-3,  for 
example,  has  been  demonstrated  to  be  an  important 
mediator  of  other  growth  inhibitory  agents,  such  as 
retinoic  acid  (Gucev  et  al.  1996),  vitamin  D  (Colston  et  al. 

1998) ,  TGF-P  (Oh  et  al  1995,  Gucev  et  al  1996,  Rajah 
et  al  1997),  anti-estrogens  (Huynh  et  al  1996),  tumor 
necrosis  factor-a  (Rozen  etal.  1998)  andp53  (Buckbinder 
et  al.  1995),  independently  of  the  IGF  signaling  system. 
Furthermore,  the  importance  of  IGF-independent  biologi¬ 
cal  effects  of  the  IGFBP  superfamily,  such  as  IGFBP-3 
(Oh  et  al  1993),  IGFBP-rPl  (Burger  et  al  1998)  and  -rP2 
(Hishikawa  et  al  1999)  on  cell  replication  has  been 
demonstrated  in  human  breast  cancer  cell  systems. 

In  this  study,  we  have  investigated  the  effects  of  sodium 
butyrate  (NaB)  on  memben  of  the  IGFBP  superfamily 
in  human  mammary  epithelial  cells,  using  estrogen- 
responsive  (MCF-7)  and  estrogen- non-responsive 
(Hs578T)  breast  cancer  cells,  and  normal  human 
mammary  epithelial  (HMEC)  cells.  We  report  here  that 
NaB  upregulates  IGFBP-3  and  IGFBP-rP2  mRNA  and 
protein  in  mammary  epithelial  cells. 

Materials  and  Methods 

Materials 

NaB,  TSA,  BSA  and  0*4%  trypan  blue  solution  were 
purchased  from  Sigma  Chemical  Co.  (St  Louis,  MO, 
USA).  ^^^I-labeled  IGF-I  was  kindly  provided  by 
Diagnostic  Systems  Laboratories  (Webster,  TX,  USA). 
Polyclonal  anti-IGFBP-3,  anti-IGFBP-rPl,  anti- 
IGFBP-rP2  and  anti-HECl  (specific  for  both  human 
IGFBP-2  and  -3)  antisera  were  generated  as  previously 
described  (Rosenfeld  et  al  1990,  Oh  et  al  1993,  Wilson 
et  al  1997,  Yang  et  al  1998).  Polyclonal  anti-IGFBP-5 
antibody  was  purchased  from  Austral  Biologicals  (San 
Ramon,  CA,  USA).  Polyclonal  anti-acetyl-lysine,  anti- 
acetylated  histone  H3  and  anti-acetylated  histone  H4 
antibodies  were  purchased  from  Upstate  Biotechnology 
(Lake  Placid,  NY,  USA).  Polyclonal  anti-poly(ADP- 


ribose)polymerase  (PARP)  antibody  was  purchased  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 
Monoclonal  antibodies,  anti-p21^*^'^^’^\  anti-plb*^*^"* 
and  anti-p27*^‘^^  were  purchased  from  Transducion 
Laboratories  (Lexington,  KY,  USA),  PharMingen  (San 
Diego,  CA,  USA)  and  Calbiochem  (Cambridge,  MA, 
USA)  respectively. 

Cell  culture 

Hs578T  estrogen-non-responsive  human  breast  cancer 
cells  and  MCF-7  estrogen-responsive  human  breast  cancer 
cells  were  purchased  from  ATCC  (Manassas,  VA,  USA). 
Both  cell  lines  were  maintained  in  DMEM  supplemented 
with  4-5  g/1  glucose,  110  mg/1  sodium  pyruvate,  and  10% 
fetal  bovine  serum.  HMEC  (normal  human  mammary 
epithelial  cells)  were  purchased  from  Clonetics  (San 
Diego,  CA,  USA),  and  maintained  in  mammary  epi¬ 
thelium  basal  medium  (MEBM)  with  growth  supplements 
(bovine  pituitary  extract  (BPE),  human  epidermal 
growth  factor,  insulin,  hydrocortisone,  gentamicin  and 
amphotericin-B)  as  directed  by  the  manufacturer. 

[^Hjikymidine  incorporation  assay 

Cells  were  seeded  into  24-well  dishes  at  37  “C  in  5%  CO2. 
At  90%  confluence,  cells  were  placed  in  serum-free  media 
for  12  h,  then  treated  as  indicated  in  the  text.  After  22  h, 
01  nCi  [^H]thymidine  (NEN,  Boston,  MA,  USA)  in  a 
volume  of  25  pi  PBS  was  added  to  each  well,  and  the  plate 
was  incubated  for  4  h  at  37  “C.  Cells  were  washed  wdth 
cold  PBS  twice,  treated  with  10%  trichloroacetic  acid 
(TCA)  for  10  min  at  —20  “C,  washed  with  10%  TCA 
followed  by  95%  ethanol,  and  lysed  with  400  pi  0*25  N 
NaOH  per  well.  Cell  lysates  (CL)  from  each  well  were 
transferred  to  scintillant  vials,  then  10  ml  scintillation  fluid 
with  100  pi  2  N  HCl  were  added  to  the  vials,  and  the 
radioactivity  was  measured  in  a  scintillation  counter. 

MTS  assay 

Hs578T  cells  were  seeded  into  96-well  plates.  At  80% 
confluence,  they  were  incubated  for  12  h  in  serum-ffee 
DMEM,  then  treated  with  various  concentrations  of  NaB 
as  indicated  in  the  text  in  serum-free  media.  After  a 
further  incubation  of  1—4  days,  the  MTS  reagent  (Promega 
Co.,  Madison,  WI,  USA)  was  added  in  the  ratio 
recommended  by  the  manufacturer.  At  15  min  intervals, 
the  absorbance  of  the  formazan  product  at  490  nm  was 
read  with  a  plate  reader  (Spectra  Shell  Reader;  SLT 
Labinstruments  GmbH,  Austria).  On  the  same  plate,  cells 
were  dispensed  at  the  differential  confluency.  These  cells 
were  left  untreated  in  serum-free  media,  and  then  the 
MTS  reagent  was  added  at  the  same  time  as  to  the 
butyrate-treated  wells.  After  the  reading,  cells  were 
trypsinized,  then  the  cell  number  was  counted  with  a 
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hemacytometer.  Using  this  method,  a  linear  correlation 
was  obtained  between  direct  cell  counts  from  1  x  10^  to 
1  X  10"^  per  well  and  the  absorbance  (r=0*85,  «  =  70)  (data 
not  shown).  The  experiment  was  repeated  three  times  in 
conditions  where  the  starting  untreated  control  cell 
number  was  8  X  10^  per  well,  and  the  absorbance  at 
490  nm  read  at  45  min  after  adding  the  MTS  reagent  to 
the  wells  was 

Quantitation  of  apoptosis 

To  quantitate  apoptotic  cell  death,  the  Cell  Death 
Detection  (Roche  Molecular  Bio¬ 

chemicals,  Mannheim,  Germany),  which  measures  cyto¬ 
plasmic  histone-bound  DNA  fragments  produced  during 
apoptotic  DNA  fragmentation,  was  used  (Mandal  & 
Kumar  1996).  Hs578T  cells  were  seeded  into  a  96-well 
plate  at  80%  confluence,  they  were  incubated  for  12  h  in 
serum-free  DMEM,  then  treated  with  various  concen¬ 
trations  of  NaB  in  serum-free  media.  After  72  h,  cyto¬ 
plasmic  extracts  were  made  from  attached  cells  by  adding 
100  pi  lysis  buffer  to  5  x  10^  cells  per  well.  Supernatant 
(20  pi  from  100  pi)  was  analyzed  in  the  ELISA,  as  directed 
by  the  manufacturer's  protocol.  Briefly,  the  samples 
were  placed  into  streptavi din-coated  multi-well  plates,  a 
mixture  of  anti-histone-biotin  and  anti-DNA-peroxidase 
was  added  and  incubated.  The  ELISA  was  developed  with 
peroxidase  substrate,  and  the  absorbance  at  405  nm  was 
measured  against  490  nm  as  a  reference  wavelength. 
The  experiment  was  performed  from  duplicate  samples 
for  each  data  point  generated,  and  was  repeated  twice 
independently. 

Preparation  of  conditioned  media  (CM)  and  CL 

Cells  were  seeded  in  12-well  plates.  At  95%  confluence, 
they  were  incubated  for  12  h  in  serum-free  DMEM 
(Hs578T  and  MCF-7)  or  supplement-free  MEBM  with 
added  BPE  (HMEC),  then  treated  as  indicated  in  the  text 
in  serum-  or  supplement-free  media.  CM  samples  were 
collected  after  72  h  and  centrifuged  at  1000^  for  10  min 
to  remove  debris.  The  harvested  CM  from  duplicate  wells 
within  each  experiment  were  pooled  and  stored  at 
—  20  “C  until  assay.  Proteins  in  40  pi  CM  per  lane  were 
examined  by  Western  inununoblot  or  Western  ligand  blot 
under  non-reducing  conditions. 

CL  samples  were  harvested  at  24  h  post-treatment  by 
washing  with  PBS,  and  then  adding  150  pi  cold  RIPA 
lysis  buffer  (20  mM  Tris,  pH  8*0,  150  mM  NaCl,  1% 
NP-40,  0*5%  NaDOC,  0T%  SDS)  plus  protease  inhibitors 
cocktail  (Roche  Molecular  Biochemicals)  directly  to  each 
well.  Plates  were  rocked  for  30  min  at  4  "C,  and  the  lysates 
were  collected  and  centrifuged  at  10  000^  for  10  min  at 
4  “C.  The  supernatants  from  duplicate  wells  within  each 
experiment  were  pooled  and  stored  at  —  20  “C  until  assay. 
Total  protein  concentration  was  determined  for  each 


sample  using  DC  Protein  Assay  Reagent  (Bio-Rad, 
Hercules,  CA,  USA),  and  20  pg  total  protein  per  sample 
were  examined  by  Western  immunoblot  under  reducing 
conditions. 

Western  ligand  blot  analysis 

Proteins  from  CM  samples  were  size-fractionated  by  12% 
SDS-PAGE  under  non-reducing  conditions  and  electro- 
blotted  onto  nitrocellulose  filters  (Hybond;  Amersham 
Pharmacia  Biotech,  Piscataway,  NJ,  USA).  Filters  were 
washed  in  3%  NP-40/ddH2O  for  30  min,  blocked  with 
1%  BSA/TBS-T  (20  mM  Tris-HCl,  pH  7*6,  150  mM 
NaCl,  0T%  Tween-20)  for  2  h,  and  incubated  overnight 
with  2-0  X  10^  c.p.m.  '^^I-labeled  IGF-I.  The  membranes 
were  washed,  dried  and  exposed  to  film  (Kodak  BioMax 
MS,  Eastman  Kodak  Co.,  Rochester,  NY,  USA)  for 
12-18  h. 

Western  immunoblot  analysis 

For  IGFBP-3,  IGFBP-rPl  and  IGFBP-rP2  detection, 
CM  samples  were  separated  on  non-reducing  12  or 
15%  SDS-PAGE.  For  detection,  CL  samples 

were  separated  on  reducing  15%  SDS-PAGE.  Proteins 
were  electrotransferred  onto  nitrocellulose,  and  mem¬ 
branes  were  blocked  with  5%  non-fat  dry  milk/TBS-T 
for  1  h  at  room  temperature,  then  incubated  in 
1 :3000  dilution  of  primary  antibody  at  4  "C  overnight. 
Immu noreactive  proteins  were  detected  using  enhanced 
chemiluminescence  (NEN,  Boston,  MA,  USA). 

Total  RNA  isolation  and  Northern  blot  analysis 

Cells  were  grown  in  6-well  plates  until  95%  confluent. 
Cells  were  then  incubated  in  serum-free  media  for  12  h, 
then  treated  for  18  h  in  serum-  or  supplement-free  media 
as  indicated  in  the  text.  Total  PJvlA  was  isolated  from 
duplicate  wells,  using  the  RNeasy  Kit  (Qiagen,  Valencia, 
CA,  USA),  and  5  pg  total  RNA  per  sample  were  separated 
on  a  1%  formaldehyde  agarose  gel  and  transferred  to  nylon 
membranes  (GeneScreenPlus;  NEN).  Membranes  were 
stained  with  0  02%  methylene  blue  in  0*3  M  NaOAc,  pH 
5*5,  and  18S  and  28S  rRNA  bands  were  used  as  internal 
controls  to  adjust  for  sample  loading.  The  blot  was  then 
hybridized  at  65  *C  with  full  length  cDNA  probes 
random-labeled  with  ['^^P]dCTP  (Prime- It  11;  Stratagene, 
Cedar  Creek,  TX,  USA),  washed  and  autoradiographed. 

Densitometric  analysis 

To  quantitate  the  relative  induction  after  Western 
blot  analyses  or  Northern  blot  analyses,  densitometric 
measurement  was  performed  by  using  a  GS-700  imaging 
densitometer  with  Multi-Analyst  software  (Bio-Rad). 
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Figure  1  Effect  of  NaB  (A)  and  TSA  (B)  on  DNA  synthesis  in  Hs578X  MCF-7  and  HMEC  cells.  Serum-starved  cells  (85-90%  confluent) 
were  incubated  in  basal  medium  for  22  h  in  the  absence  or  presence  of  various  concentrations  of  NaB  or  TSA  as  indicated. 

I^HlThymidine  was  added,  and  the  Incubation  was  continued  for  another  4  h.  The  incorporation  of  I^Hjthymidine  was  determined  relative 
to  control  cells  incubated  without  the  addition  of  these  reagents.  Results  represent  the  average  of  two  independent  experiments  each 
performed  in  triplicate. 


Results 

NaB  treatment  inhibits  DNA  synthesis  and  causes  histone 
hyperaceylation  in  human  mammary  epithelial  cells 

Since  it  has  been  demonstrated  that  treatment  of  NaB 
resulted  in  growth  inhibition  in  a  variety  of  cell  systems 
in  vitrOy  we  first  examined  the  effect  of  NaB  on  DNA 
synthesis  in  normal  (HMEC)  and  cancerous  (Hs578T, 
MCF-7)  human  mammary  epitheHal  cells,  using  the 
[^H] thymidine  incorporation  assay.  NaB  suppressed  DNA 
synthesis  in  both  cancerous  and  non-cancerous  human 
mammary  epithelial  cells  in  a  dose-dependent  manner, 
with  90-100%  inhibition  at  NaB  concentrations  of  5  mM 
(Fig.  lA).  One  major  function  of  NaB  is  inhibition  of 
histone  deacetylase  activity,  resulting  in  histone  hyper¬ 
acetylation.  In  order  to  determine  whether  NaB-induced 
inhibition  of  DNA  synthesis  might  be  due  to  histone 
hyperacetylation,  we  treated  the  cells  with  TSA,  a  specific 
histone  deacetylase  inhibitor,  and  compared  its  effect  on 
DNA  synthesis.  As  shown  in  Fig.  IB,  TSA  also  suppressed 
DNA  synthesis,  with  90—100%  inhibition  at  TSA  concen¬ 
trations  of  100  nM  in  these  cells.  This  suggests  that 
butyrate-induced  suppression  of  DNA  synthesis  in  these 
human  mammary  cells  may  involve  histone  hyperacetyl¬ 
ation,  as  is  shown  by  Western  immunoblot  with  an 
anti-acetyl-lysine  antibody  (Fig.  2).  The  CL  24  h  after 
treatment  with  NaB  showed  an  increase  of  acetylated 
proteins  in  a  dose-dependent  manner,  as  indicated  by  the 
appearance  of  1 1  and  16  kDa  bands,  which  were  identified 
as  H4  and  H3  histones  respectively  by  Western  immuno¬ 
blot  with  specific  antibodies  (data  not  shown).  Histone 
hyperacetylation  was  similarly  demonstrated  by  treatment 
with  TSA  (Fig.  2).  Interestingly,  only  the  11  kDa  band 
was  seen  at  concentrations  over  100  nM. 


Effects  of  NaB  on  reducing  cell  number  and  the  induction  of 
apoptosis  in  human  mammary  epithelial  cells 

As  NaB  inhibits  DNA  synthesis  almost  completely  by  24  h 
treatment,  cell  viability  over  4  days  after  NaB  treatment  in 
Hs578T  cells  was  then  studied.  The  MTS  assay  was  used, 
as  described  in  Materials  and  Methods,  as  a  marker  of 
relative  viable  cell  number.  A  progressive  reduction  in  cell 
number  by  MTS  assay  was  observed  from  day  2  onwards 
using  10  mM  NaB,  and  from  day  3  onwards  after  5  mM 
NaB  treatment  (Fig.  3).  In  parallel  wells,  when  cell 
numbers  were  counted  after  trypsinizing  by  direct 
visualization  using  a  hemacytometer,  the  attached  cell 
numbers  were  reduced  over  the  same  time  course  and 
concentrations  of  NaB  as  was  detected  in  the  MTS  assay 
above  (data  not  shown).  Using  trypan  blue  exclusion 
during  hemacytometer  counting,  when  counted  at  the 
same  time  point,  the  same  number  of  attached  cells  were 
shown  to  take  up  trypan  blue  in  the  NaB-treated  wells 
compared  with  the  control  wells,  throughout  the  full 
4  days  of  the  study  (data  not  shown).  This  trypan  blue 
staining  pattern  indicates  that  cell  plasma  membrane 
integrity  was  maintained  in  the  attached  cells  after  NaB 
treatment  compared  with  the  control. 

As  a  reduction  in  viable  cell  number  by  NaB  was 
occurring  over  time,  the  possibility  that  apoptosis  was 
being  induced  by  NaB  in  the  mammary  epithelial  cells 
was  then  addressed.  Two  independent  methods  of  analysis 
were  used  to  detect  apoptosis:  first,  nuclear  enzyme 
cleavage,  and  secondly,  DNA  fragmentation.  The  nuclear 
enzyme  PARP  is  proteolytically  cleaved  during  apoptosis 
in  vitro  in  many  cell  types,  including  breast  cancer 
cells  (Kaufmann  et  al  1993).  Figure  4A  shows  Western 
immu noblots  with  an  anti-PARP  antibody  after  treatment 
of  Hs578T  and  MCF-7  cells  with  NaB  followed  by 
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Figure  2  Effect  of  NaB  on  protein  acetylation.  Serum-starved  cells  were  treated  for  24  h 
with  various  concentrations  of  NaB  as  indicated.  CL  harvested  from  duplicate  wells  within 
each  experiment  were  pooled,  and  20  jig  protein  per  lane  were  loaded  onto  1 5% 
SDS-PACE  under  reducing  conditions.  Gels  were  immunoblotted  with  an  anti-acetyl-lysine 
antibody  as  described  in  Materials  and  Methods.  The  immunoblots  of  CL  treated  with 
100  nM  TSA  are  shown  on  the  right.  Molecular  mass  markers  are  also  shown.  The  results 
are  representative  of  two  Independent  experiments. 


NaB  [mM] 

Figure  3  Growth  inhibition  by  NaB.  Hs578T  cells  were  seeded  into  96-well  plates,  then  serum-starved  cells 
were  treated  with  various  concentrations  of  NaB  as  indicated.  On  subsequent  days,  cell  proliferation  was 
measured  using  the  MTS  assay.  A  dose-response  effect  with  added  NaB  is  seen  over  4  days.  Results  are 
expressed  in  absorbance  readings  at  490  nm  as  percent  of  the  untreated  controls  is.E.  (n  =  16). 


www.endocri nology.org 


Journal  of  Endocrinology  (2001)  169,  97-110 


102  j  TSUBAKI  and  others  •  Sodium  butyrate  and  IGFBPs  in  mammary  cells 


(A)  NaB  treatment 


Day  1  85  kDa 

Day  3  'r  '  ^  85  kDa 

Hs578T  MCF-7 


0.1  0.5  1  5  10 


NaB  [mM] 

Figure  4  Effect  of  NaB  on  apoptosis.  (A)  Immunoblot  analysis  of 
PARP  in  Hs578T  and  MCF-7  CL  obtained  during  treatment  with 
NaB  (day  1  and  day  3).  The  85  kDa  fragment  characteristic  of 
apoptosis  is  shown.  The  data  shown  are  representative  of  two 
independent  experiments.  (B)  Induction  of  apoptosis  in  Hs578T 
cells  treated  with  increasing  doses  (0-10  mM)  of  NaB  for  72  h. 
Cytoplasmic  extracts  were  prepared  from  attached  cells,  and 
apoptotic  cell  death  was  quantitated  by  ELISA  measuring 
cytoplasmic  histone-bound  DNA  complexes  characteristic  of 
apoptosis,  as  described  in  Materials  and  Methods.  Results  are 
expressed  as  mean  absorbance  ±  s.D.  of  two  independent 
experiments  performed  in  duplicate  (n=4). 


analysis  of  CL.  The  ~  85  kDa  carboxy-terminal  fragment 
of  PARP  detected  by  Western  immunoblotting  is  indica¬ 
tive  of  apoptosis  occurring  in  the  lysates  sampled 
(Kaufmann  et  at.  1993,  Lazebnik  et  at.  1994).  In  Hs578T 
cells,  some  induction  of  the  fragment  v^as  already  observed 
by  day  1  at  concentrations  of  5  mM  NaB  and  above,  and 
was  more  marked  in  the  day  3  lysates,  particularly  after 
10  mM  NaB.  Detectable  increases  in  the  PARP  fragment 
were  also  seen  in  the  day  3  CL  of  MCF-7  cells  (Fig.  4A). 

To  verify  and  more  accurately  quantitate  the  apoptosis 
induced  by  NaB,  an  ELISA  kit  that  detects  histone- 
associated  DNA  fragments  (mono-  and  oligo- 
nucleosomes)  in  the  cytoplasmic  fraction  of  CL  was  used, 
as  described  in  Materials  and  Methods.  In  the  Hs578T 
cytoplasmic  extracts  from  attached  cells  studied  at  3  days 


post-treatment,  NaB  induced  apoptosis  in  a  dose- 
dependent  manner  (Fig.  4B).  This  sensitive  assay  demon¬ 
strated  apoptotic  effects  initially  commencing  at  1  mM 
NaB.  Taken  together,  the  two  methods  of  measuring 
apoptosis  show  that  NaB  induces  apoptosis  in  the  cells 
studied,  in  a  more  delayed  time  course  compared  with 
the  earlier  effects  on  [^H]thymidine  incorporation.  The 
apoptosis  induced  by  NaB  would  be  expected  to  reduce 
the  viable  cell  number,  which  was  observed,  as  described 
earlier. 

NaB  upregulates  expression  of  p 2 mRNA  and 
protein  levels  in  human  mammary  epithelial  cells 

As  the  major  mechanism  for  butyrate-induced  growth 
inhibition  in  various  cell  systems  is  known  to  be  through 
upregulation  of  cdk  inhibitors,  in  particular 
the  induction  of  in  mammary  epithelial  cells 

was  next  investigated.  Figure  5 A  is  a  Northern  blot  of 
p2|Wan/cipi  Hs578T,  MCF-7  and  FIMEC  cells 

treated  wdth  or  without  NaB.  mRNA 

expression  was  upregulated  in  all  three  cell  lines,  and  was 
most  marked  in  Hs578T  cells.  As  shown  in  Fig.  5B,  an 
upregulation  of  protein  levels  occurred  in 

these  cells,  with  the  greatest  increase  in  p21^^^^^^*P' 
observed  in  Hs578T  cells,  which  parallels  the  mRNA 
data.  As  the  degree  of  induction  was  different  between 
Hs578T  cells  and  the  other  two  cell  lines,  the  NaB  effect 
on  cdk  inhibitors  and  pi 6*^^^  was  further  in¬ 

vestigated.  A  distinct  upregulation  of  p27^P^  by  NaB 
treatment  (a  2- 5-fold  increase  at  5  mM  treatment)  was 
reproducibly  seen  in  HMEC  cells,  but  not  in  the  cancer¬ 
ous  cell  lines  (Fig.  5B).  We  did  not  detect  pi 6*^*^"*  in 
Hs578T  and  MCF-7  cells,  and  only  a  slight  induction  of 
this  protein  was  seen  in  HMEC  cells.  Taken  together, 
these  data  suggest  that  differential  cdk  inhibitors  arc 
induced  by  NaB  treatment,  in  a  cell- type-dependent 
manner. 

Butyrate  upregulates  IGFBP-3  mRNA  and  protein  levels  in 
cancerous,  but  not  in  non^cancerous  mammary  cells 

To  investigate  any  correlation  between  the  effect  of  NaB 
and  the  regulation  of  IGFBP  system,  we  first  examined 
IGFBP-3,  a  known  growth  suppressor  in  human 
mammary  cells.  Northern  blotting  was  firstly  performed  to 
measure  steady-state  mRNA  levels.  Figure  6A  shows  the 
time-course  effect  of  NaB  treatment  on  steady-state  levels 
of  IGFBP-3  mRNA  in  Hs578T  cells.  NaB  induced  the 
expression  of  IGFBP-3  mRNA  in  a  time- dependent 
manner,  with  increases  first  detectable  at  6  h  after  treat¬ 
ment,  and  with  a  2* 5-fold  increase  after  treating  cells  with 
5  mM  NaB  for  24  h,  whereas  in  the  non-cancerous 
HMEC  cells,  only  a  slight  induction  (<1  •2-fold)  was 
observed  (Fig.  6B).  In  MCF-7  cells,  IGFBP-3  mRNA  was 
not  detected  in  these  analyses. 
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Figure  5  Effect  of  NaB  on  expression  of  mRNA  (A),  and  protein  of  p27*^*P^  and  pi  (B).  (A)  Representative 

Northern  blots.  Serum-starved  cells  were  treated  for  18  h  with  various  concentrations  of  NaB  as  Indicated.  Total  RNA  was  harvested,  and 
5  pg  per  lane  were  electrophoresed.  The  membrane  was  probed  with  labeled  cDNA  fragments  for  The  28S  rRNA  Is 

presented  as  an  indicator  of  loading.  The  data  shown  are  representative  of  at  least  three  separate  experiments.  (B)  Representative  Western 
Immunoblots.  Twenty  micrograms  total  protein  from  whole  CL  obtained  at  24  h  post-treatment  per  lane  were  loaded  onto  1 5%  SDS-PACE 
under  reducing  conditions,  and  Immunoblotted  with  anti-p2l'^^^^''^'P\  anti-p27’^'P^  and  anti-pi ,  as  indicated  in  Materials  and 
Methods.  Two  sets  of  untreated  controls  were  derived  from  different  wells  in  the  same  culture  plates.  The  data  shown  represent  two 
separate  experiments,  pi  was  only  detectable  in  the  CL  of  HMEC  cells. 


The  CM  were  then  examined  for  changes  in  IGFBP-3 
protein  levels  after  NaB  treatment.  In  order  to  ascertain  a 
suitable  time  point  to  collect  CM  samples,  the  time-course 
induction  of  media  IGFBP-3  protein  in  Hs578T  cells  was 


studied  by  Western  ligand  blot  analysis,  using  ^^^I-labeled 
IGF-I  as  the  ligand,  as  described  in  Materials  and  Methods. 
The  IGFBP-3  level  in  the  CM  was  detectably  increased  at 
24  h,  even  after  1  mM  NaB,  was  further  increased  at  48  h, 
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Figure  6  Northern  blot  analysis  of  the  effect  of  NaB  on  the 
expression  of  IGFBP‘3  mRNA.  Total  RNA  was  harvested,  and  5  pg 
per  lane  were  electrophoresed.  The  membrane  was  subsequently 
probed  with  labeled  cDNA  fragments  of  ICFBP-3.  (A)  Time-course 
expression  of  IGFBP-3  mRNA  in  Hs578T  cells.  Serum-starved  cells 
were  treated  for  6,  1 2  and  24  h,  with  or  without  NaB  as  Indicated. 
(B)  Representative  Northern  blots  for  ICFBP-3  mRNA  expression 
at  18  h  (HMEC)  and  24  h  (Hs578T)  post-treatment.  28S  rRNA 
methylene  blue  membrane  staining  is  presented  as  an  indicator  of 
equal  loading.  Densitometric  analysis  adjusted  for  18S  and  28S 
rRNA  is  also  shown.  Each  result  represents  at  least  three 
independent  experiments.  In  MCF-7  cells,  lCFBP-3  mRNA  was  not 
detected  in  lOpg  total  RNA. 


and  peaked  at  72  h  following  NaB  treatment  (Fig.  7A). 
Subsequently,  CM  at  72  h  post-treatment  were  analyzed 
in  further  studies.  As  shown  in  Fig.  7B,  various  IGFBPs 
could  be  detected  by  the  IGF  ligand  blot.  The  identity  of 


these  IGFBPs  was  confirmed  by  Western  immunoblots 
using  IGFBP-3,  -2  and  -5  specific  antibodies,  showing  the 
42-46  kDa  doublet  bands  to  be  IGFBP-3,  the  broad 
29—36  kDa  bands  to  contain  IGFBP-2  and  -5,  and  the 
24  kDa  band  to  be  IGFBP-4  (data  not  shown).  In  HMEC 
cells,  the  Western  ligand  blot  did  not  reveal  an  IGFBP-5 
band,  whereas  the  Western  immunoblot  with  IGFBP-5 
antibody  revealed  a  low  intensity  band  of  the  predicted 
molecular  mass  for  IGFBP-5  (data  not  shown)  (Adamo 
et  al  1992,  Sheikh  ct  al  1992).  IGFBP-3  protein  levels 
were  upregulated  in  both  Hs578T  (2T-fold  over  the 
control)  and  MCF-7  (12-6-fold  over  the  control)  cells, 
each  after  5  mM  NaB  treatment  (Fig.  7B).  Further 
Western  immunoblotting  analyses  demonstrated  no 
detected  IGFBP-3  fragments  in  all  samples  tested  in  these 
cells  (data  not  shown).  As  the  basal  level  of  IGFBP-3  in 
MCF-7  cells  was  nearly  undetectable,  the  induction  of 
IGFBP-3  protein  by  NaB  was  more  conspicuous  in  this 
cell  line.  In  contrast,  only  slight  upregulation  of  IGFBP-3 
(<T5-fold)  was  observed  in  HMEC  cells,  mirroring  the 
mRNA  data  (shown  earlier  in  Fig.  6B) .  Levels  of  IGFBP- 
2/-5  and  -4  showed  no  significant  change  up  to  10  mM 
NaB  treatment,  after  accounting  for  effects  of  NaB  on  cell 
number  (not  shown).  The  effect  of  TSA  treatment  on 
IGFBP-3  protein  levels  by  Western  ligand  blot  and 
immunoblot  was  also  studied.  TSA  treatment  of  both 
Hs578T  and  MCF-7  cells  caused  a  dose-dependent 
increase  in  IGFBP-3  protein  levels  (not  shown),  suggesting 
that  NaB-induced  upregulation  of  IGFBP-3  is,  at  least  in 
part,  through  histone  hyperacetylation.  This  effect  was  not 
seen  in  the  HMEC  cells  (data  not  shown). 


NaB  upregulates  IGFBP-rP2  mRNA  and  protein  expression 
in  both  cancerous  and  non-cancerous  mammary  cells 

The  induction  of  the  low  affinity  IGF  binders,  especially 
IGFBP-rP2,  was  then  investigated,  as  this  protein  also  has 
recendy  been  shown  to  have  a  growth  suppressive  effect  in 
human  mammary  cells  (Hishikawa  et  al,  1999).  The  effect 
of  NaB  treatment  on  IGFBP-rP2  mRNA  expression  was 
potent,  particularly  in  Hs578T  cells,  where  effects 
occurred  with  0-5  mM  NaB.  As  seen  in  Fig.  8A,  a  10-fold 
induction  of  IGFBP-rP2  by  5  mM  NaB  treatment  was 
observed  in  Hs578T  cells,  whereas  a  maximal  2-  to  3-fold 
induction  occurred  in  HMEC  cells.  IGFBP-rP2  mRNA 
was  not  detected  in  MCF-7  cells. 

Western  immunoblot  analysis  against  IGFBP-rP2  and 
-rPl  was  then  performed.  As  shown  in  Fig.  8B,  NaB 
highly  upregulated  IGFBP-rP2  protein  levels  in  all  three 
cell  lines  in  a  dose-dependent  manner  (>  10-fold  at 
10  mM  NaB  over  the  control  in  all  three  cell  lines). 
Increases  in  media  IGFBP-rP2  were  initially  detectable 
within  24  h,  even  after  only  1  mM  NaB  (data  not  shown). 
In  contrast  to  the  effects  on  IGFBP-rP2,  the  IGFBP-rPl 
band  intensity  was  not  increased  by  NaB  treatment.  The 
apparent  reduction  in  IGFBP-rPl  by  NaB  treatment 
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Figure  7  Effect  of  NaB  on  ICFBP  production  in  HsS/ST,  MCF-7  and  HMEC  cells  analyzed  by  Western  ligand  blotting. 
Serum-starved  cells  were  treated  with  various  concentrations  of  NaB.  CM  harvested  from  duplicate  wells  within  each 
experiment  were  pooled,  size-fractionated  using  12%  SDS-PACE  under  non-reducing  conditions,  electroblotted  onto 
nitrocellulose  membranes,  and  treated  with  ^^^l-labeled  IGF-l,  as  indicated  in  Materials  and  Methods.  (A)  Time-course 
expression  of  lGFBP-3  protein  in  Hs578T  cells.  Serum-starved  cells  were  treated  with  or  without  NaB  as  Indicated  and 
Western  ligand  blot  was  performed  over  4  days.  (B)  Representative  Western  ligand  blots  using  72  h  CM  in  Hs578T, 
MCF-7  and  HMEC  cells.  The  data  shown  were  derived  from  at  least  three  independent  experiments. 


compared  with  control,  especially  in  Hs578T  CM,  was 
52%  on  average  using  densitometric  analysis  at  day  3  after 
10  mM  NaB.  This  reduction  in  IGFBP-rPl  could  be  fully 
accounted  for  by  considering  the  effects  of  NaB  on  cell 
number,  as  shown  earlier  in  Fig.  3,  where  40-50%  of  the 
cells  are  non-viable  by  this  time  of  NaB  treatment 
compared  with  control.  IGFBP-rPl  was  not  detected  in 
MCF-7  cells.  These  results  show  that  IGFBP-rP2  mRNA 


and  protein  are  specifically  induced  by  NaB  in  both 
cancerous  and  non-cancerous  breast  epithelial  cells. 


Discussion 


In  this  study,  NaB  effects  in  the  human  mammary  cell 
system  including  cancerous  and  non-cancerous  cells,  was 


www.endocrinology.org 


Journal  of  Endocrinology  (2001)  169,  97-110 


106  j  TSUBAKi  and  others  •  Sodium  butyrate  and  fCFBPs  in  mammary  cells 


(A) 


NaB  treatment 


^  ^  ^ 


Densitometric  Analysis 


IGFBP-rP2  IGFBP-rPl 

Figure  8  Effect  of  NaB  on  (A)  IGFBP-rP2  mRNA  expression,  and  (B)  ICFBP-rP2  and  -rPI  protein  expression  in  Hs578T,  MCF-7  and 
HMEC  cells.  (A)  Representative  Northern  blots.  Total  RNA  was  harvested  at  18  h  post-treatment,  and  5  pg  per  lane  were  electrophoresed. 
The  membrane  was  subsequently  probed  with  labeled  cDNA  fragments  of  ICFBP-rP2.  28S  rRNA  methylene  blue  membrane  staining  is 
presented  as  an  indicator  of  equal  loading,  Densitometric  analysis  adjusted  for  18S  and  28S  rRNA  is  also  shown.  Each  result  represents 
two  Independent  experiments.  In  MCF-7  cells,  IGFBP-rP2  mRNA  was  not  detected  in  lOpg  total  RNA.  (B)  Representative  Western 
immunoblot  analysis.  Serum-starved  cells  were  treated  with  various  concentrations  of  NaB  for  72  h.  CM  harvested  from  duplicate  wells 
within  each  experiment  were  pooled,  size-fractionated  using  12%  (for  IGFBP-rP2)  or  15%  (for  IGFBP-rPI)  SDS-PAGE  under  non-reducing 
conditions,  electroblotted  onto  nitrocellulose  membranes,  and  treated  with  appropriate  antibodies,  as  indicated  in  Materials  and  Methods, 
IGFBP-rPI  was  not  detected  in  the  CM  of  MCF-7  cells. 


investigated,  in  order  to  obtain  a  greater  understanding  of 
the  cellular  mechanism  of  action  of  NaB  in  this  cell  type. 
NaB  was  found  to  cause  an  initial  inhibition  in  new  DNA 


synthesis,  followed  by  apoptotic  changes,  and  a  reduc¬ 
tion  in  viable  cell  number.  Subsequently,  the  cdk  inhibi¬ 
tors  studied  showed  some  cellular  specificity  in  their 
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Regulation  of  IGFBP-3 


Other  Effects  of  NaB 

Figure  9  Schematic  diagram  showing  a  summary  of  sequential  effects  of  NaB  in  Hs578T 
cells  observed  In  this  study.  The  upregulation  of  IGFBP-3  and  lCFBP-rP2  is  shown  above 
the  time  line  and  other  effects  of  NaB  including  cell  growth  inhibition  and  cell  death  are 
shown  below.  For  further  description  refer  to  the  discussion  in  the  text. 


upregulation  by  NaB.  IGFBP  superfamily  memben 
known  to  induce  growth  inhibition  and  apoptosis  in  breast 
epithelial  cells  were  also  upregulated  by  NaB. 

A  schematic  summary  of  our  observations  in  Hs578T 
cells  is  shown  in  Fig.  9.  We  first  studied  the  general  effects 
of  NaB  on  cell  growth  regulation.  Butyrate  induces  diverse 
and  reversible  biological  effects  on  cell  differentiation, 
apoptosis  and  cell  growth  in  vitro  (Pouillart  1998).  In 
colonic  epithelial  cells,  butyrate  is  known  to  exert  para¬ 
doxical  effects,  with  induction  of  proliferation  in  normal 
cells  and  growth  inhibition  in  neoplastic  phenotypes 
(Hassig  et  al  1997,  Archer  &  Hodin  1999).  In  the 
mammary  system  studied  here,  butyrate  inhibits  DNA 
synthesis  in  both  normal  and  cancerous  cells  as  measured 
by  [^HJthymidine  incorporation  at  24  h  after  treatment. 
Also,  as  shown  in  Fig.  9,  after  24  h  of  NaB  treatment  at 
concentrations  over  1  mM,  cell  numbers  became  reduced 
in  a  dose-  and  time-dependent  manner.  This  reduction 
in  cell  number  was  explained,  at  least  in  part,  by  NaB- 
induced  apoptosis.  The  observed  induction  of  apoptosis  is 
consistent  with  previous  reports  of  NaB-induced  apoptosis 
in  other  cell  systems  (Hague  et  al  1993,  Carducci  et  al. 
1996,  Coradini  et  al  1997).  In  summary,  NaB  was 
found  to  induce  both  inhibition  of  DNA  synthesis  and 
programmed  cell  death,  in  Hs578T  cells. 

It  is  known  that  butyrate  induces  a  variety  of  changes 
within  the  nucleus  (Siavoshian  et  al  1997,  Schwartz  et  al 
1998),  including  histone  hyperacetylation,  especially  ofH3 
and  H4  (Archer  &  Hodin  1999),  and  DNA  methylation 
(de  Haan  et  al  1986).  Previous  studies  indicate  that  the 
effect  of  butyrate  and  other  histone  deacetylase  inhibitors 
on  cells  closely  corresponds  to  the  effects  of 
expression  in  the  regulation  of  G1  (Hunter  &  Pines  1994), 
S  (Ogryzko  et  al  1997)  and  G2  (Coradini  et  al  1997, 


LaUemand  et  al  1999)  phases  of  the  cell  cycle  (Hassig  et  al 
1997).  The  major  mechanism  for  butyrate-induced  cell 
cycle  arrest  is  reported  to  be  through  upregulation  of 
p2|Wafi/Cipi  various  cell  systems,  including  hepato¬ 
cellular  carcinoma  cells  (Yamamoto  et  at.  1998),  colon 
cancer  cells  (Nakano  et  al  1997,  Siavoshian  et  al.  1997, 
Archer  et  al.  1998,  Litvak  et  al  1998),  prostate  cancer  cells 
(Huang  et  al.  1999)  and  breast  cancer  cells  (LaUemand  et  al 
1999).  In  contrast,  Vaziri  et  al  (1998)  demonstrated 
p2iWafi/Cipi-independent  G1  ceU  cycle  arrest  by  butyrate 
in  3T3  fibroblasts.  In  our  present  studies,  the  prominent 
induction  of  was  observed  in  estrogen-non- 

responsive  Hs578T  cancer  cells,  whereas  modest  induction 
was  observed  in  estrogen-responsive  MCF-7  cancer  ceUs 
and  non-cancerous  HMEC  ceUs.  Interestingly,  butyrate 
upregulated  p27*^^^  expression  only  in  HMEC  ceUs.  The 
pl^iNK4  detected  only  in  HMEC  ceUs  and  no 

further  regulation  was  observed  after  butyrate  treatment. 
Taken  together,  these  data  imply  that  the  biological 
function  of  butyrate  is  mediated  through  more  than 
one  mechanism,  even  in  butyrate-induced  ceU  cycle 
arrest,  suggesting  that  butyrate  possesses  multifunctional 
mechanisms  of  action. 

This  is  the  first  demonstration  that  butyrate  upregulates 
members  of  the  IGFBP  superfamily  in  human  mammary 
ceUs.  One  previous  report  showed  that  only  IGFBP-2  was 
upregulated  by  butyrate  in  colon  cancer  cells  (Nishimura  et 
al.  1998).  In  contrast,  our  studies  demonstrate  that  among 
the  six  IGFBPs  and  IGFBP-rP-1  and  -2,  only  IGFBP-3 
and  IGFBP-rP2  are  upregulated  by  butyrate  in  cancerous 
and  non-cancerous  mammary  epithelial  cells.  Recent 
evidence  has  suggested  that,  in  addition  to  modulating  the 
access  of  IGFs  to  their  receptors,  IGFBP-3  has  the  ability 
to  suppress  proliferation  in  various  cell  systems,  including 
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human  breast  cancer  cells,  working  through  IGF- 
independent  mechanisms  (Valentinis  et  al.  1995,  Oh 
1998).  Further  studies  have  demonstrated  that  IGFBP-3 
directly  induces  apoptosis  through  an  IGF-independent 
pathway  in  PC-3  human  prostatic  adenocarcinoma  cells 
(Rajah  et  ai  1997)  as  well  as  in  other  cell  systems 
(Nickerson  et  al.  1997).  We,  therefore,  hypothesized  that 
IGFBP-3  may  be  a  major  downstream  effector  of  growth 
inhibitory  and  apoptosis-inducing  agents. 

Indeed,  NaB  treatment  significantly  upregulated 
IGFBP-3  steady-state  mRNA  and  protein  levels  in  a  time- 
and  dose-dependent  manner  in  Hs578T  and  MCF-7 
human  breast  cancer  cells,  while  levels  of  IGFBP-2  and  -4 
were  unaffected.  As  summarized  in  Fig.  9,  we  observed 
that  the  mRNA  induction  had  already  started  at  6  h  after 
treatment  and  peaked  by  24  h  after  treatment,  while  the 
presence  of  the  protein  in  CM  was  barely  detectable  at  the 
24  h  time  point  and  gradually  increased  up  to  day  3. 
Notably,  both  the  mRNA  and  protein  induction  by  NaB 
were  detectable  earlier  than  the  reduction  in  cell  number 
and  apoptosis,  consistent  with  a  specific  regulation  of  these 
IGFBP  superfamily  members  by  NaB  rather  than  effects 
on  these  IGFBPs  occurring  secondary  to  cell  death.  In 
contrast  to  effects  seen  in  these  cancer  cell  lines,  the  NaB 
regulation  of  IGFBP-3  in  normal  human  mammary  epi¬ 
thelial  cells  was  less  marked.  Additionally,  treatment  with 
TSA  gave  similar  results,  indicating  that  histone  hyper¬ 
acetylation  may  be  involved.  The  differential  regulation  of 
IGFBP-3  by  NaB  in  cancerous  versus  non-cancerous 
cells  may  point  to  an  important  mechanism  for  growth 
inhibition  by  IGFBP-3  in  cancer. 

It  has  been  demonstrated  that  TGF-p,  which  is  a  potent 
growth  suppressing  factor  in  human  breast  cancer  cells 
(Zugmaier  et  al  1989,  Oh  et  al  1995),  induces  expression 
of  IGFBP-rP2  mRNA  and  protein  levels  (Yang  et  al 
1998).  In  addition,  recent  studies  have  demonstrated  that 
IGFBP-rP2  has  a  direct  apoptotic  effect  in  MCF-7  cells 
(Hishikawa  et  al  1999).  Our  present  data  show  that 
IGFBP-rP2  was  significantly  upregulated  by  NaB  treat¬ 
ment  in  a  time-  and  dose-dependent  manner  in  both 
cancerous  and  non-cancerous  human  mammary  epithelial 
cell  lines,  suggesting  that  IGFBP-rP2  may  also  play  a  role 
in  the  bioactivity  of  butyrate  on  cells.  In  Hs578T  cells,  the 
induction  of  IGFBP-rP2  mRNA  was  already  marked  at 
0  5  niM,  while  the  protein  levels  were  significantly 
increased  at  5  mM.  One  potential  explanation  for  this  dose 
discrepancy  is  that  some  post-transcriptional  modification 
by  NaB  of  IGFBP-rP2  may  also  be  occurring. 

On  the  basis  of  this  work,  it  can  be  speculated  that  the 
IGFBP  superfamily  members,  IGFBP-3  and  IGFBP-rP2, 
participate  in  butyrate-induced  sequential  cell  growth 
inhibition,  particularly  in  the  later  event  of  apoptosis. 
Detailed  studies  involving  regulation  of  IGFBP-3  and 
IGFBP-rP2  bioactivity  following  butyrate  treatment  in 
breast  epithelial  cells  are  now  required  to  formally  address 
this  issue.  It  is  hoped  that  exploration  of  butyrate-induced 


biological  effects  subsequent  to  the  cell  cycle  arrest  in  this 
cell  system  and  the  investigation  of  the  interaction 
between  butyrate  and  the  IGF  axis  will  lead  to  a  more 
complete  understanding  of  the  complex  mechanisms  of 
cell  growth  control,  and  to  the  development  of  better 
therapeutic  reagents. 
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ABSTRACT 

Expansion  of  extracellular  matrix  with  fibrosis  occurs  in  many 
tissues  as  part  of  the  end-organ  complications  in  diabetes,  and  ad¬ 
vanced  glycosylation  end  products  (AGE)  are  implicated  as  one  caus¬ 
ative  factor  in  diabetic  tissue  fibrosis.  Connective  tissue  growth  factor 
(CTGF),  also  known  as  insulin-like  growth  factor-binding  protein- 
related  protein-2  (IGFBP-rP2),  is  a  potent  inducer  of  extracellular 
matrix  synthesis  and  angiogenesis  and  is  increased  in  tissues  from 
rodent  models  of  diabetes.  The  aim  of  this  study  was  to  determine 
whether  CTGF  is  up-regulated  by  AGE  in  vitro  and  to  explore  the 
cellular  mechanisms  involved.  AGE  treatment  of  primary  cultures  of 
nonfetal  human  dermal  fibroblasts  in  confluent  monolayer  increased 
CTGF  steady  state  messenger  RNA  (mRNA)  levels  in  a  time-  and 


dose-dependent  manner.  In  contrast,  mRNAs  for  other  IGFBP  su¬ 
perfamily  members,  IGFBP-rPl  (mac  25)  and  IGFBP-3,  were  not 
up-regulated  by  AGE.  The  effect  of  the  A(irE  BSA  reagent  on  CTGF 
mRNA  was  due  to  nonenzymatic  glycosylation  of  BSA  and,  using 
neutralizing  antisera  to  A(iE  and  to  the  receptor  for  AGE,  termed 
RAGE,  was  seen  to  be  due  to  late  products  of  nonenzymatic  glyco¬ 
sylation  and  was  partly  mediated  by  RAGE.  Reactive  oxygen  species 
as  well  as  endogenous  transforming  growth  factor- j31  could  not  ex¬ 
plain  the  AGE  effect  on  CTGF  mRNA.  AGE  also  increased  CTGF 
protein  in  the  conditioned  medium  and  cell-associated  CTGF.  Thus, 
AGE  up-regulates  the  profibrotic  and  proangiogenic  protein  CTGF 
(IGFBP-rP2),  a  finding  that  may  have  significance  in  the  development 
of  diabetic  complications.  {Endocrinology  142:  1760-1769,  2001) 


Multiple  mechanisms  have  been  described  by 

which  chronic  hyperglycemia  might  contribute  to 
the  pathological  end-organ  complications  that  occur  in  dia¬ 
betes  mellitus.  These  include  direct  effects  of  elevated  glu¬ 
cose  on  cells,  hyperosmolality,  oxidant  stress,  and  nonenzy¬ 
matic  glycosylation  (1,  2).  Advanced  glycosylation  end 
products  (AGE)  are  biochemical  end  products  of  nonenzy¬ 
matic  glycosylation  that  are  formed  irreversibly  (3).  AGE  is 
elevated  in  serum  (4)  and  in  many  tissues  in  patients  with 
diabetes  (5),  including  skin  (6),  and  has  the  ability  to  co¬ 
valently  cross-link  and  biochemically  modify  protein  struc¬ 
ture  and  affect  protein  function  (7).  Additionally,  in  recent 
years  cell  surface  receptors  for  AGE  have  been  identified  (8), 
and  postreceptor  signaling  pathways  are  being  defined  (9, 
10).  Through  an  AGE  receptor-dependent  mechanism,  AGE 
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induction  of  cytokines  and  growth  factors  has  been  impli¬ 
cated  in  contributing  to  end-organ  changes  that  occur  in 
tissues  in  patients  with  diabetes  (11-13). 

Pathological  hallmarks  in  most  tissues  where  diabetes 
complications  occur  include  expansion  of  extracellular  ma¬ 
trix  (ECM)  and  angiogenesis  (1).  The  ECM  expansion  has 
been  proposed  to  be  due  to  a  combination  of  increased  ECM 
production  (14)  (15)  and  biochemically  modified  matrix,  with 
a  reduction  in  ECM  breakdown  (16).  Connective  tissue 
growth  factor  (CTGF),  also  known  as  insulin-like  growth 
factor  (IGF)-binding  protein-related  protein-2  (IGFBP-rP2) 
(17),  is  a  potent  inducer  of  ECM  in  fibroblasts  (18, 19)  and  a 
potent  angiogenic  factor  (20,  21).  A  potential  role  for  CTGF 
in  fibrotic  disease  states  is  increasingly  being  described  (22- 
24),  suggesting  that  CTGF  may  be  a  mediator  of  ECM  ex¬ 
pansion  and  fibrosis  in  diabetes.  The  aim  of  this  study  was 
to  determine  whether  CTGF  is  up-regulated  by  AGE  and 
subsequently  to  explore  the  cellular  mechanism (s)  that  might 
be  responsible  for  this  effect. 

Materials  and  Methods 

Reagents 

Polyclonal  anti-IGFBP-rP2  (CTGF)  antibodies  (8799  and  8800)  were 
generated  in  New  Zealand  White  rabbits,  as  previously  described  (25). 
The  anti-AGE  antibody,  which  neutralizes  the  activity  of  AGE  BSA  (26), 
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was  a  gift  from  Dr.  H.  Miyata,  Kissei  Pharmaceutical  Co.  Ltd.  (Nagano, 
Japan).  The  antihuman  polyclonal  antibody  generated  in  rabbits  against 
the  receptor  for  AGE  (RAGE)  was  provided  as  an  IgG  fraction  (gift  from 
Dr.  A.M.  Schmidt,  Columbia  University,  New  York,  NY).  This  antibody 
inhibits  ligand-stimulated  activation  of  RAGE  by  AGE  (27,  28).  The 
transforming  growth  factor-/31  (TGF)31)  affinity-purified  IgG  antibody 
generated  in  chickens  that  neutralizes  TGF/31  bioactivity  was  purchased 
from  R&D  Systems,  Inc.  (Minneapolis,  MN).  Nonimmune  rabbit  IgG, 
D-glucose,  glycolaldehyde,  BSA  (fraction  V,  fatty  acid  and  endotoxin 
free),  and  aminoguanidine  were  purchased  from  Sigma  (St.  Louis,  MO). 
TGFpl  was  purchased  from  Austral  Biologicals  (San  Ramon,  CA). 

Intact  carboxyl-terminal  flag-tagged  IGFBP-rP2  (CTGF),  used  as  a 
standard  in  the  Western  immunoblots  and  in  the  CTGF  enzyme-linked 
immunosorbent  assay  (ELISA),  was  purified  from  a  baculovirus  expres¬ 
sion  system,  and  pure  IGFBP-rP2  (CTGF)  protein  was  quantitated  using 
Coomassie-stained  gels  with  BSA  as  standard,  all  as  previously  de¬ 
scribed  (29).  The  approximately  14-kDa  fragment  of  IGFBP-rP2  (CTGF), 
described  in  Fig.  7A,  was  purified  from  a  highly  proteolyzed  preparation 
of  pure  IGFBP-rP2  (CTGF)  protein,  using  late-harvested  SF-9  insect  cell 
lysates.  After  initial  purification  of  this  preparation  by  means  of  flag 
protein-Sepharose  affinity  chromatography  (29),  the  fragment  was  sep¬ 
arated  from  any  remaining  intact  IGFBP-rP2  (CTGF)  using  a  high  per¬ 
formance  size-fractionation  gel  permeation  column  (HR-75,  Pharmacia 
Biotech,  Piscata  way,  NJ)  with  PBS  as  buffer,  with  fast  performance  liquid 
chromatography,  eluting  at  0.5  ml/min  with  0.5-ml  fractions.  Pure, 
approximately  14-kDa  fragment  was  confirmed  by  Coomassie  staining 
and  Western  immunoblot  using  IGFBP-rP2  (CTGF)  primary  antibody 
(not  shown). 

AGE  synthesis 

Advanced  glycosylation  end  products  were  synthesized  in  vitro,  fol¬ 
lowing  methods  previously  described  (26,  30,  31).  BSA  (Sigma,  RIA 
grade,  fraction  V)  at  10  mM  was  coincubated  in  sterile  PBS  with  either 
0.5  M  D-glucose  for  10  weeks  or  25  mM  glycolaldehyde  for  3  days,  each 
with  1.5  mM  phenylmethylsulfonylfluoride  under  aerobic  conditions  at 
37  C.  To  generate  control  BSA  for  comparison  with  AGE  treatments, 
tubes  were  prepared  with  simultaneous  incubations  under  the  same 
conditions  without  the  addition  of  the  respective  reducing  sugar  or 
aldehyde.  Additionally,  in  parallel  preparations,  aminoguandine  at  100 
mM,  as  an  inhibitor  of  formation  of  products  of  nonenzymatic  glyco¬ 
sylation  (13),  was  added  to  the  BSA  and  glucose.  All  preparations  were 
extensively  dialyzed  in  PBS,  using  a  low  M^  cut-off  membrane  (6-8  kDa, 
Spectrapor  1,  Spectrum  Industries,  Los  Angeles,  CA)  (13). 

The  AGE  content  in  the  preparations  was  assessed  by  means  of 
fluorescence,  SDS-PAGE  analysis,  and  ELISA.  The  fluorescence  content, 
measured  with  a  fluorescence  spectrometer  at  390  nm  emission  after  450 
nm  excitation  in  relative  fluorescence  units  per  mg  BSA,  was  11.2  ±  2.5 
for  control  BSA,  67.1  ±  12.5  for  AGE  BSA  from  glycolaldehyde,  52.3  ± 
6.3  for  AGE  BSA  from  glucose,  and  9.7  ±1.2  for  aminoguanidine  added 
to  BSA  and  glucose  (termed  aminoguanidine  BSA)  (31).  By  SDS-PAGE 
analysis  under  reducing  conditions,  followed  by  Coomassie  staining,  the 
AGE  BSA  produced  from  D-glucose  and  glycolaldehyde  was  shown  to 
have  high  M^  species  consistent  with  the  intermolecular  cross-linking 
ability  of  AGE,  as  previously  described  (26).  In  contrast,  the  control  BSA 
and  aminoguanidine  BSA  preparations  did  not  have  these  high  M^  forms 
(data  not  shown).  By  competitive  ELISA  (32),  performed  by  Dr.  P.  Foiles 
(Alteon,  Inc.,  Ramsey,  NJ),  using  a  synthetic  N-c-carboxymethyl  lysine 
(CML)  analog  as  the  standard,  the  CML  content  of  the  preparations 
(picomoles  of  CML  per  fxg  BSA  ±  95%  confidence  interval)  was  82  ±  8.5 
for  AGE  BSA  from  glycolaldehyde  and  13  ±  1.4  for  AGE  BSA  from 
glucose  and  was  undetectable  (<1)  for  control  BSA  and  also  undetect¬ 
able  when  aminoguanidine  at  100  mM  was  coincubated  with  BSA  and 
glucose.  Unless  otherwise  indicated  in  the  text,  the  data  described  refer 
to  the  use  of  AGE  BSA  synthesized  from  glucose. 

Cell  culture 

Primary  cell  cultures  of  nonfetal  human  dermal  fibroblasts,  CRL-2097 
and  CRL-1474,  were  purchased  from  American  Type  Culture  Collection 
(Manassas,  VA).  Cells  were  maintained  in  MEM  supplemented  with  10% 
FBS  and  were  used  in  these  studies  between  passages  4  and  12.  The 
human  primary  cultures  of  dermal  fibroblasts,  designated  A35  (derived 


from  the  forearm  of  a  70-yr-old  male)  and  A305  (newborn  foreskin 
fibroblasts),  were  gifts  from  Dr.  S.  Goldstein,  Memorial  Veteran's  Hos¬ 
pital  (Little  Rock,  AR).  These  cells  were  maintained  in  DMEM  with 
15%  FBS. 

Cell  treatment 

After  trypsinization,  cells  were  grown  in  12- well  plates  for  5  days  in 
their  respective  media  with  FBS  until  they  were  confluent.  For  experi¬ 
ments  requiring  the  use  of  blocking  antibodies  to  RAGE  and  AGE,  cells 
were  grown  in  24-well  plates  under  the  same  conditions.  Cells  were  then 
incubated  in  their  respective  serum-free  medium  for  16  h  and  then 
treated  with  additions  on  day  0  under  serum-free  conditions,  using  fresh 
media.  Unless  otherwise  indicated  in  the  text,  the  conditioned  media 
were  not  changed  after  adding  the  treatments.  When  cells  were  tran¬ 
siently  treated  for  8  h  with  reagents,  they  were  washed  with  PBS,  and 
fresh  serum-free  medium  with  0.05%  BSA  was  added.  Cell  lysates  and 
conditioned  media  were  harvested  up  to  3  days  after  treatments.  For 
experiments  involving  the  use  of  blocking  antibodies  or  antioxidants, 
cells  were  preincubated  with  the  antibody  or  reagent  for  2  h  under 
serum-free  conditions  before  adding  AGE  or  control  BSA  directly  to  the 
medium. 

Total  RNA  isolation  and  analysis  by  quantitative 
real-time  RT-PCR 

Total  RNA  was  isolated  from  duplicate  wells  using  the  RNeasy  Mini¬ 
kit  fromQIAGEN  (Valencia,  CA)  and  was  then  analyzed  by  quantitative 
real-time  PCR  using  an  ABI  Prism  7700  Sequence  Detection  System  (PE 
Applied  Biosystems,  Foster  City,  CA).  This  system  is  based  on  the  ability 
of  the  5' -nuclease  activity  of  Taq  polymerase  to  cleave  a  nonextendable 
dual  labeled  fluorogenic  hybridization  probe  during  the  extension  phase 
of  PCR.  The  following  sequence-specific  primers  and  probes  for  human 
CTGF,  IGFBP-rPl,  IGFBP-3,  and  18S  ribosomal  RNA  were  designed 
using  Primer  Express  Software  1.0  (PE  Applied  Biosystems):  for  CTGF: 
forward,  5'-G  AGGA  AA  AC  ATTAAGAAGGGC  AAA-3';  reverse,  5'-CG- 
GCACAGGTCTTGATGA-3';  and  probe,  5'-6FAM-TTTGAGCTTTCTG- 
GCTGCACCAGTGT-TAMRA-3';  for  IGFBP-rPl:  forward,  5'-GCG- 
GAAAATGGCAGACAATT-3';  reverse,  5'-CTTGAGGGTTTGGGTT- 
TCCA-3';  and  probe,  5'-6FAM-TTCGCTCCATGATGCGTTATCTGGG- 
TAMRA-3';  for  IGFBP-3:  forward,  5'-AAGGTGGGTAGGCACGTTG- 
TAG-3';  reverse,  5'-ATATCAAAACCCGAATCCACTTTACT-3';  and 
probe,  5'-6FAM-CAAAGCAATGTCTAGTCCCGGTATGTCCAA-TA- 
MRA-3';  for  18S:  forward,  5'-CGGCTACCACATCCAAGGAA-3';  re¬ 
verse,  5'-GCTGGAATTACCGCGGCT-3';  and  probe,  5'-6FAM-TGCT- 
GGCACCAGACTTGCCCTC-TAMRA-3'.  Primers  were  used  at  a  con¬ 
centration  of  200  nM  and  probes  at  100  nM  in  each  reaction.  Multiscribe 
reverse  transcriptase  and  AmpliTaq  Gold  polymerase  (PE  Applied  Bio¬ 
systems)  were  used  in  all  RT-PCR  reactions.  Each  RNA  sample  was 
analyzed  in  triplicate.  Relative  quantitation  of  18S  ribosomal  RNA  and 
human  CTGF,  IGFBP-rPl,  and  IGFBP-3  messenger  RNAs  (mRNAs)  was 
calculated  using  the  comparative  threshold  cycle  number  for  each  sam¬ 
ple  fitted  to  a  five-point  standard  curve  (ABI  prism  7700  User  Bulletin 
2,  PE  Applied  Biosystems).  The  standard  curve  was  constructed  using 
a  serial  dilution  of  total  RNA  extracted  from  human  cardiac  fibroblasts 
that  had  been  treated  with  TGFj31  at  1  ng/ml  for  24  h.  Expression  levels 
were  normalized  to  18S  ribosomal  RNA  and  related  to  relevant  controls, 
as  indicated  in  the  text. 

Preparation  of  conditioned  media  and  cell  lysates 

Cell  lysate  samples  were  harvested  after  treatment,  by  washing  cells 
with  PBS,  then  adding  100  cold  RIPA  lysis  buffer  [20  mM  Tris  (pH  8.0), 
150  mM  NaCl,  1%  Nonidet  P-40,  0.5%  sodium  deoxycholate,  and  0.1% 
SDS]  plus  a  protease  inhibitor  cocktail  (Roche  Molecular  Biochemicals, 
Mannheim,  Germany)  directly  to  each  well.  Plates  were  rocked  for  15 
min  at  4  C,  and  lysates  were  collected  and  centrifuged  at  10,000  x  g  for 
10  min  at  4  C.  The  supernatants  from  duplicate  wells  within  each  ex¬ 
periment  were  pooled  and  stored  at  —  20  C  until  analysis.  The  total 
protein  concentration  was  determined  for  each  sample  by  use  of  the  DC 
Protein  Assay  reagent  (Bio-Rad  Laboratories,  Inc.,  Hercules,  CA).  Then 
20  fig  total  protein  were  loaded  per  lane  for  SDS-PAGE  analysis,  and  5 
fig  total  protein  were  added  to  each  ELISA  well  for  CTGF  quantitation. 
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Fig.  1.  Time-course  induction  of  CTGF  (IGFBP-rP2)  mRNA  by  AGE 
BSA.  Soluble  AGE  BSA  at  100  fig/ml  was  added  to  duplicate  wells  of 
confluent  primary  cultures  of  human  flbroblasts  (CRL-2097  cells) 
under  serum-free  conditions,  and  total  RNA  was  collected  at  the  time 
points  shown.  Control  BSA  at  the  same  concentration  was  added  to 
other  wells,  also  in  duplicate.  CTGF  mRNA  was  then  determined  by 
quantitative  RT-PCR  in  triplicate  for  each  sample,  as  described  in 
Materials  and  Methods.  The  CTGF  mRNA  level  is  expressed  in  ar¬ 
bitrary  units  normalized  to  18S.  A,  Time  course  up  to  24  h.  B,  Time 
course  from  1—3  days.  C,  Treatment  for  8  h  only  with  AGE  BSA  or 
control  BSA  at  100  /xg/ml,  followed  by  RNA  analysis  on  days  1-3.  Data 
in  A-C  are  the  mean  ±  1  SD  from  three  independent  experiments.  *, 
P  <  0.05  vs.  the  respective  control  BSA. 


Dose  Response  at  48  h 


Reagent  added  (pg/mL) 

Fig.  2.  Dose-dependent  induction  of  CTGF  (IGFBP-rP2)  mRNA  by 
AGE  BSA.  Dose  response  with  AGE  BSA  or  control  BSA  treatment 
from  0-200  fxg/ml  added  to  wells  of  confluent  human  fibroblasts 
(CRL-2097  cells),  with  RNA  collection  at  48  h.  CTGF  mRNA  was 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample,  and 
the  CTGF  mRNA  level  is  expressed  in  arbitrary  units  normalized  to 
18S.  Data  are  the  mean  ±  1  so  from  three  independent  experiments. 
*,  P  <  0.05,  **,  P  <  0.01  vs.  the  respective  control  BSA. 

Western  immunoblot  analysis 

Conditioned  medium  samples  were  separated  on  15%  nonreducing 
SDS-PAGE.  Proteins  were  electrotransferred  onto  nitrocellulose,  and 
membranes  were  blocked  with  5%  nonfat  dry  milk /TBS  with  0.1% 
(vol/vol)  Tween  20  for  1  h  at  22  C,  then  incubated  in  IGFBP-rP2  (CTGF) 
antiserum  at  1:1000  dilution  at4  C  overnight.  After  incubation  of  mem¬ 
branes  with  a  horseradish  peroxidase  (HRP)-labeled  secondary  anti¬ 
body  for  1  h  at  22  C,  immunoreactive  proteins  were  detected  by  use  of 
enhanced  chemiluminescence  (NEN  Life  Science  Products,  Boston,  MA). 

CTGF  (IGFBP  rP2)  ELISA 

The  anti-IGFBP-rP2  (CTGF)  antibody  (8800)  (25)  was  biotinylated  by 
incubating  protein  A  affinity-purified  8800  (0.8  /ig)  with  150  fig  sulfo- 
NHS-LC  biotin  (Pierce  Chemical  Co.,  Rockford,  IL)  for  2  h  at  22  C, 
followed  by  separation  from  unreacted  biotin  through  a  size-fraction¬ 
ation  and  desalting  column  with  PBS  as  buffer  according  to  the  man¬ 
ufacturer's  instructions.  Affinity-purified  8800  antibody  (600  ng/well)  in 
10  mM  sodium  carbonate,  pH  9.6,  was  adsorbed  to  96-well  immuno- 
plates  (Nalge  Nunc  International,  Rochester,  NY)  by  a  20-h  incubation 
at  4  C.  The  unbound  antibody  was  removed,  and  the  wells  were  blocked 
by  incubation  with  PBS  and  0.1%  (vol/vol)  Triton  X-100  (buffer  A) 
containing  10  g/liter  BSA  for  2  h  at  37  C,  then  washed  four  times  with 
buffer  A.  Purified  intact  recombinant  human  (rh)  IGFBP-rP2  (CTGF)  in 
buffer  A  and  1  g/liter  BSA  was  used  to  generate  standard  curves. 
Standard  and  samples  (100  jul/well)  were  incubated  in  duplicate  at  4  C 
for  20  h.  The  plate  was  washed,  then  incubated  with  biotinylated  IGFBP- 
rP2  (CTGF)  antibody  (80  ng/well)  for  20  h  at4  C.  After  washing,  the  plate 
was  incubated  withstreptavidin-HRP  (1:500)  for  30  min  at  22  C,  followed 
by  substrate  [0.1  g/liter  3,3',5,5'-tetramethylbenzidine  in  0.2  m  sodium 
acetate  (pH  6)  containing  0.06%  ( wt/ wt)  H2O2]  for  30  min  at  22  C.  The 
reaction  was  stopped  by  the  addition  of  2  m  H2SO4,  and  the  absorbance 
was  measured  at  450  nm  using  a  microplate  reader.  The  interassay 
coefficient  of  variation  was  8.1%  for  the  middle  concentration  (10  ng/ 
well)  of  rhIGFBP-rP2  (CTGF)  standard  used.  No  cross-reactivity  was 
detected  with  1  pig /well  purified  rhIGFBP-3,  rhlGFBP-rPl  (mac  25),  or 
rhIGFBP-rP3  (Nov  H;  not  shown). 

CTGF  (IGFBP-rP2)  cell  association  assay 

To  determine  whether  increases  in  rhIGFBP-rP2  (CTGF)  in  the  whole 
cell  lysates  after  AGE  treatment  are  due  to  increases  in  rhIGFBP-rP2 
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□  Control  BSA 


Fibroblasts  Fibroblasts  Fibroblasts 


washing  twice  with  PBS  at  4  C,  biotinylated  rhIGFBP-rP2  (CTGF)  an¬ 
tibody  (800  ng/well)  together  with  strep tavidin-HRP  (1:500)  was  added 
for  2  h  at  22  C  in  PBS  and  0.1%  BSA,  In  some  wells  the  streptavidin-HRP 
(1:500)  was  added  in  the  absence  of  primary  antibody  to  determine 
nonspecific  binding  and  endogenous  cellular  peroxidase  activity.  After 
two  further  (gentle)  PBS  washes,  developing  substrate  was  added,  and 
absorbance  was  read  as  described  for  the  IGFBP-rP2  (CTGF)  ELISA 
above. 

Densitometric  analysis 

To  quantify  the  relative  induction  of  CTGF  after  Western  immuno- 
blots,  densitometric  measurement  was  performed  using  GS-700  Imaging 
Densitometer  with  Mutli-Analyst  Software  (Bio-Rad  Laboratories,  Inc.). 

Statistical  analysis 

Results  are  expressed  as  the  mean  ±  so  or  the  mean  ±  sem  as 
indicated  in  the  text.  All  data  were  pooled  from  three  or  four  indepen¬ 
dent  experiments,  each  performed  in  triplicate.  Differences  between 
groups  were  assessed  using  Student's  two-tailed  paired  t  test  in  Excel 
98  (Microsoft  Corp.,  Redmond,  WA).  P  <  0.05  was  considered  statisti¬ 
cally  significant. 


B: 


Fig.  3.  Generalizability  of  the  AGE  BSA  effect  on  CTGF  (IGFBP-rP2) 
mRNA  to  multiple  sources  and  donors  of  human  skin  fibroblasts,  and 
specificity  of  the  effect  to  CTGF  (IGFBP-rP2).  A,  Soluble  AGE  BSA  or 
control  BSA  at  100  /u-g/ml  was  added  to  duplicate  wells  of  confluent 
primary  cultures  of  human  skin  fibroblasts  from  multiple  donors 
under  serum-free  conditions,  and  total  RNA  was  collected  at  the  time 
points  shown.  IGFBP-rP2  (CTGF)  mRNA  was  then  determined  by 
quantitative  RT-PCR  in  triplicate  for  each  sample.  The  IGFBP-rP2 
(CTGF)  mRNA  level  is  expressed  in  arbitrary  units,  normalized  to 
18S.  The  donor  age  and  skin  site  of  the  fibroblasts  studied  are:  7-5n*-old 
male  abdomen  (CRL-1474  cells),  70-yr-old  male  forearm  (A3 5),  and 
newborn  foreskin  (A305).  Data  are  the  mean  ±  1  SD  from  three  in¬ 
dependent  experiments.  B,  Soluble  AGE  BSA  or  control  BSA  at  100 
jiAg/ml  or  TGF/31  at  1  ng/ml  was  added  to  duplicate  wells  of  confluent 
primary  cultures  of  human  fibroblasts  (CRL-2097)  under  serum-free 
conditions.  Total  RNA  was  collected  at  48  h,  and  CTGF  (IGFBP-rP2) 
mRNA,  IGFBP-rPl  (mac-25)  mRNA,  and  IGFBP-3  mRNA  levels  were 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample.  The 
mRNA  levels  are  expressed  in  arbitrary  units.  Data  are  the  mean  ± 
1  SD  from  three  independent  experiments.  *,  P  <  0.05;  **,  P  <  0.01 
{vs.  the  respective  control  BSA). 

(CTGF)  at  a  cell-associated  site  either  on  the  cell  surface  or  in  the  ex¬ 
tracellular  matrix,  rather  than  intracellularly,  2097  fibroblasts  in  con¬ 
fluent  monolayer  were  treated  under  serum-free  conditions  with  AGE 
or  control  BSA  (each  at  100  /xg/n^)  ^  days  in  replicates  of  four.  After 


Results 

To  determine  whether  CTGF  mRNA  steady  state  levels  are 
up-regulated  by  AGE  in  primary  cultures  of  human  dermal 
fibroblasts,  confluent  monolayers  of  CRL-2097  fibroblasts 
were  treated  with  soluble  AGE  BSA  under  serum-free  con¬ 
ditions.  In  response  to  100  jag/ ml  AGE  BSA,  an  increase  in 
CTGF  mRNA  was  initially  detectable  after  8  h  of  AGE  treat¬ 
ment  (Fig.  1  A),  and  a  progressive  increase  occurred  over  the 
3-day  time  course  of  the  study  (Fig.  IB).  In  contrast,  no 
change  in  CTGF  mRNA  over  time  was  seen  with  the  same 
concentration  of  control  BSA  (Fig.  1,  A  and  B).  These  results 
were  confirmed  by  Northern  analysis  (not  shown).  Transient 
treatment  of  cells  with  AGE  for  8  h,  followed  by  washing  of 
cells  with  PBS  and  replacement  with  fresh  serum-free  me¬ 
dium,  also  caused  a  progressive  increase  in  CTGF  mRNA 
over  subsequent  days  (Fig.  1C),  with  a  clear  persistence  of  the 
effect  for  at  least  72  h  after  AGE  addition, 

A  dose-response  study  with  AGE  BSA  from  0-200  jag /ml, 
with  continuous  AGE  treatment  and  RNA  collection  at  48  h 
after  initial  AGE  addition,  showed  that  increases  in  CTGF 
mRNA  were  significant  using  10  jag /ml  or  more  AGE  BSA, 
whereas  increasing  concentrations  of  control  BSA  did  not 
produce  any  change  in  CTGF  mRNA  compared  with  no 
addition  of  BSA  (Fig.  2). 

Primary  human  skin  fibroblasts  from  other  donors  were 
studied  to  assess  whether  the  changes  seen  in  CTGF  mRNA 
in  human  foreskin  fibroblast  CRL-2097  cells  aregeneralizable 
to  human  dermal  fibroblasts.  When  these  other  cells  were 
treated  with  100  jag/ml  AGE  BSA,  increases  in  CTGF  mRNA 
were  observed  48  h  after  treatment,  compared  with  the  con¬ 
trol  BSA,  in  all  of  the  fibroblast  cell  lines  studied  whether  they 
were  derived  from  neonatal  foreskin  (A305),  a  child's  abdo¬ 
men  (CRL-1474),  or  the  forearm  of  a  mature  adult  (A35; 
Fig.  3A). 

To  address  whether  the  changes  seen  in  CTGF  mRNA 
were  relatively  specific,  other  members  of  the  IGFBP  super¬ 
family  were  analyzed  in  the  same  cell  system.  In  contrast  to 
the  observed  regulation  of  CTGF  mRNA  by  AGE,  IGFBP-rPl 
(mac  25)  mRNA  was  not  up-regulated  by  AGE  BSA  (Fig.  3B). 
IGFBP-3  is  the  predominant  IGFBP  present  in  human  fibro- 
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Fig.  4.  The  AGE  effect  on  CTGF  (IGFBP-rP2)  occurs  through  non- 
enzymatic  glycosylation  of  BSA,  is  blocked  by  an  anti-AGE-neutral- 
izing  antibody,  is  partially  mediated  through  the  AGE  receptor, 


blast  conditioned  medium  (33),  and  its  mRNA  also  was  not 
increased  by  AGE  (Fig.  3B).  In  comparison  with  the  lack  of 
effect  of  AGE  treatment,  TGF^l  treatment  modestly  up- 
regulated  IGFBP-rPl,  and  possibly  IGFBP-3  mRNA,  at  48  h 
(Fig.  3B),  as  previously  described  (33,  34).  Also  consistent 
with  previous  observations  in  cultured  human  fibroblasts 
(35),  a  pronounced  up-regulation  of  CTGF  mRNA  occurred 
after  TGFjSl  addition  (Fig.  3B), 

Formation  of  products  of  nonenzymatic  glycosylation  was 
inhibited  by  the  dihydrazine  compound,  aminoguanidine 
(13).  When  cells  were  treated  with  BSA  that  had  been  coin¬ 
cubated  for  10  weeks  with  both  glucose  and  aminoguanidine 
as  described  in  Materials  and  Methods,  no  increase  in  CTGF 
mRNA  was  observed  compared  with  control  BSA  treatment 
alone  or  with  serum-free  medium  without  any  addition 
(Fig.  4A).  This  result  confirms  that  the  active  component 
in  the  AGE  reagent  used  is  a  product  of  nonenzymatic 
glycosylation. 

To  determine  whether  early  or  advanced  glycosylation 
end  products  are  mediating  the  effect  on  CTGF  in  this  cell 
system,  cells  were  preincubated  with  anti-AGE  IgG  before 
addition  of  the  AGE  reagent.  Using  the  anti-AGE  antibody, 
the  AGE  induction  of  CTGF  mRNA  was  inhibited,  on  the 
average,  by  86.2%  (Fig.  4B).  As  this  antibody  is  specific  to 
AGE  and  it  does  not  bind  to  amadori  products  (26),  which 
are  early  products  of  nonenzymatic  glycosylation,  these  re¬ 
sults  show  that  AGE  is  the  active  component  in  the  synthe¬ 
sized  reagent  responsible  for  increasing  CTGF  in  these 
studies. 

AGE  may  bind  to  and  activate  one  or  more  of  the  defined 
cell  surface  receptors  for  AGE  (8).  The  AGE  receptor  subtype, 
termed  RAGE,  has  recently  been  shown  to  be  present  on  the 
surface  of  human  fibroblasts  (27),  and  in  some  cell  systems 
the  induction  of  growth  factors  by  AGE  has  been  shown  to 
be  mediated  by  RAGE  (36).  When  cells  were  preincubated 
with  a  blocking  antibody  of  RAGE  activation  by  AGE  ligand, 
the  induction  of  CTGF  mRNA  by  AGE  was  attenuated  by  the 


RAGE,  and  is  not  inhibited  by  oxygen  free  radical  scavengers.  A, 
Soluble  AGE  BSA  or  control  BSA  at  100  /xg/ml,  or  no  treatment,  was 
added  to  duplicate  wells  of  confluent  primary  cultures  of  human 
fibroblasts  (CRL-2097  cells)  under  serum-free  conditions.  In  other 
wells  BSA  was  added  that  had  previously  been  coincubated  with 
glucose  and  aminoguanidine  before  dialysis,  as  described  in  Materials 
and  Methods,  Total  RNA  was  collected  at  48  h,  and  CTGF  mRNA  was 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample.  The 
CTGF  mRNA  level  is  expressed  in  arbitrary  units.  Data  are  the 
mean  ±  1 SD  from  three  independent  experiments.  **,  P  <  0.01  vs.  all 
other  treatments.  B,  Wells  were  preincubated  with  anti-AGE  poly¬ 
clonal  neutralizing  IgG,  anti-RAGE  polyclonal  neutralizing  IgG  (each 
at  100  /xg/ml  IgG),  or  100  /xg/ml  normal  rabbit  serum  (NRS)  IgG  for 
2  h.  Soluble  AGE  BSA  or  control  BSA  at  100  p.g/ml  was  then  added 
to  the  wells.  Total  RNA  was  collected  at  48  h,  and  IGFBP-rP2  (CTGF) 
mRNA  was  determined  by  quantitative  RT-PCR  in  triplicate  for  each 
sample.  Data  are  the  mean  ±  1  so  from  four  independent  experiments. 
*,P  <  0.05;  **,P  <  0.01  (os.  AGE  BSA  added  alone).  C,  Duplicate  wells 
of  human  fibroblasts  under  serum-free  conditions  were  incubated 
with  serum-free  medium  alone,  20  mM  iV-acetyl  cysteine,  or  100  mM 
dimethylsulfoxide  (DMSO)  for  2  h.  Soluble  AGE  BSA  or  control  BSA 
at  100  p,g/ml  was  then  added  to  the  wells.  Total  RNA  was  collected  at 
48  h,  and  CTGF  (IGFBP-rP2)  mRNA  was  determined  by  quantitative 
RT-PCR  in  triplicate  for  each  sample.  The  mRNA  levels  are  expressed 
in  arbitrary  units.  Data  are  the  mean  ±  1  SD  from  three  independent 
experiments. 
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Fig.  5.  AGE  induction  of  CTGF  (IGFBP-rP2)  mRNA  is  independent  of 
endogenous  TGF/31  activity.  Duplicate  wells  of  confluent  primary  cul¬ 
tures  of  human  fibroblasts  (CRL-2097  cells)  under  serum-fi*ee  conditions 
were  incubated  with  AGE  BSA  or  control  BSA  at  100  /xg/ml  or  with 
TGF/31  at  1  ng/ml  for  24  h  (A)  or  48  h  (B),  and  in  some  wells  a  chicken 
antihuman  TGF^l-neutralizing  antibody  (200  ng/ml)  was  added  simul¬ 
taneously  as  indicated.  Total  RNA  was  collected  at  24  h  (A)  and  48  h  (B), 
and  CTGF  mRNA  was  determined  by  quantitative  RT-PCR  in  triplicate 
for  each  sample.  The  mRNA  levels  are  expressed  in  arbitraiy  units.  Data 
are  the  mean  ±  1  SD  firom  three  independent  experiments  in  A  and  B. 
**,  P  <  0.01  i;s.  TGFjSl  added  without  neutralizing  antibody. 

anti-RAGE  IgG  by  64,1%,  on  the  average  (Fig.  4B).  Higher 
concentrations  of  anti-RAGE  IgG  did  not  have  any  additional 
effect  (not  shown).  In  contrast,  the  AGE  effect  was  not  sig¬ 
nificantly  inhibited  by  normal  rabbit  serum  IgG  (Fig.  4B). 
These  results  show  that  RAGE  is  at  least  partly  mediating  the 
AGE  induction  of  CTGF  mRNA  in  the  fibroblasts. 

As  reactive  oxygen  (RO)  species  are  commonly  generated 
in  cells  after  activation  of  AGE  receptors  by  its  ligand  (9, 37), 
an  effect  of  inhibiting  RO  species  formation  during  AGE 


treatment  was  studied.  Preincubation  of  the  fibroblasts  with 
the  antioxidants  dimethylsulfoxide  or  N-acetyl  cysteine, 
however,  did  not  inhibit  the  increases  in  CTGF  mRNA  (Fig. 
4C).  These  results  imply  that  RO  species  are  unlikely  to  play 
a  role  in  the  observed  AGE  effect  on  CTGF. 

A  potential  role  for  autocrine  TGF/81  in  CTGF  mRNA 
induction  by  AGE  was  then  examined.  TGF/31  is  a  potent 
inducer  of  CTGF  gene  expression  in  this  cell  system  (Fig.  3A), 
and  in  addition,  AGE  may  induce  TGF/31  mRNA  and  protein 
in  some  cells  (13).  Induction  of  CTGF  mRNA  by  rhTGF/31 
added  to  the  cultured  fibroblasts  was  fully  inhibited  by  a 
TGF/31-neutralizing  antibody  at  24  h  (Fig.  5A)  and  48  h  (Fig. 
5B).  In  contrast,  when  the  same  antibody  was  added  under 
the  same  conditions  in  parallel  wells,  no  significant  inhibition 
of  the  CTGF  mRNA  increase  induced  by  AGE  occurred  (Fig. 
5,  A  and  B),  indicating  that  the  effect  of  AGE  is  TGF/31 
independent  in  this  cell  system. 

The  fibroblast  cellular  protein  from  CRL-2097  skin  fibro¬ 
blasts  was  then  analyzed  to  determine  whether  AGE  treat¬ 
ment  causes  increases  in  CTGF  protein  as  well  as  increases 
in  steady  state  CTGF  mRNA  levels.  By  Western  immunoblot 
after  SDS-PAGE,  using  a  polyclonal  IGFBP-rP2  (CTGF)  an¬ 
tiserum  (25),  CTGF  steady  state  protein  levels  over  days  1-3 
in  the  conditioned  medium  were  increased  in  response  to 
AGE  BSA,  compared  with  control  BSA  treatment  (Fig.  6A). 
A  progressive  increase  in  intact  CTGF  as  well  as  previously 
described  lower  immunoreactive  forms,  at  approximately 
14  and  20  kDa  (38),  occurred  (Fig.  6A).  High  immuno¬ 
reactive  material  (>80  kDa)  was  also  more  prominent  in  the 
AGE-treated  medium,  which  may  include  CTGF  covalently 
cross-linked  by  AGE.  All  of  these  increases  were  more 
marked  using  AGE  BSA  synthesized  from  glycolaldehyde 
compared  with  AGE  BSA  synthesized  from  glucose  (not 
shown).  Using  densitometric  analysis  from  three  indepen¬ 
dent  experiments,  the  intact  CTGF  in  the  medium  was  in¬ 
creased  by  AGE  compared  with  control  BSA  treatment 
(mean  ±  sem)  by  3.6  ±  1.1-fold  on  day  1,  8.0  ±  1.3-fold  on 
day  2,  and  14.5  ±  3.1-fold  on  day  3  (P  <  0.05  for  all  days  of 
A<3E  treatment  compared  with  control  BSA  treatment). 

As  CTGF  is  an  extracellular  matrix  and  cell-associated 
signaling  protein  and  also  exists  in  cell  media  (38),  analysis 
of  whole  cell  lysates  for  CTGF  protein  after  AGE  treatment 
was  performed.  Western  immunoblot  analysis  of  the  whole 
cell  lysates  after  SDS-PAGE  showed  that  intact  CTGF  was 
increased  by  AGE  treatment  from  day  3  compared  with 
control  BSA  treatment  (Fig.  6B),  There  was  no  CTGF  frag¬ 
ment  or  high  immunoreactive  material  observed  in  the 
lysates  (not  shown).  Densitometric  analysis  of  CTGF  from 
lysates  from  four  independent  experiments  (mean  ±  sem) 
gave  the  following  results  for  fold  change  with  AGE  treat¬ 
ment  compared  with  control  BSA  treatment:  0.89  ±  0.33  on 
day  1,  0.97  ±  0.17  on  day  2,  and  1.53  ±  0.25  on  day  3  (P  < 
0.05  for  day  3  only  for  AGE  compared  with  control  BSA  on 
the  respective  day). 

Considering  that  the  increase  in  CTGF  in  whole  cell  lysates 
on  day  3  after  AGE  treatment  was  relatively  modest,  changes 
in  cell  lysate  CTGF  were  further  determined  by  a  CTGF 
ELISA,  as  described  in  Materials  and  Methods.  This  assay  can 
measure  endogenous  intact  CTGF,  which  is  present  in  whole 
cell  lysates,  but  due  to  a  lack  of  parallelism  with  the  intact 
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Fig.  6.  CTGF  (IGFBP-rP2)  protein  up- 
regulation  by  AGE  BSA  in  conditioned 
media  and  whole  cell  lysates.  Soluble 
AGE  BSA  or  the  respective  control  BSA 
was  added  to  duplicate  wells  of  conflu¬ 
ent  primary  cultures  of  human  fibro¬ 
blasts  (CRL-2097  cells)  under  serum- 
free  conditions.  After  24-72  h,  as 
indicated,  conditioned  media  and  whole 
cell  lysates  were  collected  and  subjected 
to  SDS-PAGE  and  then  Western  immu- 
noblotted  using  IGFBP-rP2  (CTGF)  an¬ 
tiserum,  as  described  in  Materials  and 
Methods.  A,  Conditioned  medium;  lane 
2,  unconditioned  serum-free  medium 
loaded  alone.  B,  Whole  cell  lysates,  with 
20  jLLg  total  protein  loaded  in  each  sam¬ 
ple  lane.  In  A  and  B  one  representative 
immunoblot  is  shown  from  three  and 
four  independent  experiments,  respec¬ 
tively,  with  each  experiment  showing 
equivalent  results. 
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B:  CTGF  (iGFBP-rP2)  in  whole  cell  lysates 


(cDa 

29-1^  is  IS  III  II  lit  HI  I]  intact  CTGF  (IGFBP-rP2) 


Control  BSA  +  -  +  -  +  - 

AGE  BSA  —  +  —  +  —  + 


rhCTGF  used  as  the  standard,  it  cannot  be  used  to  accurately 
measure  the  14-kDa  CTGF  fragment  (Fig.  7A),  which  is 
present  in  the  fibroblashconditioned  media  (Fig.  6A).  Con¬ 
sistent  with  the  Western  immunoblots  of  cell  lysates  (Fig.  6B), 
the  ELISA  also  showed  that  AGE  treatment  reproducibly 
increased  CTGF  in  the  fibroblast  whole  cell  lysates  on  day  3 
(Fig.  7B).  Thus,  in  contrast  to  the  increases  in  CTGF  protein 
observed  in  the  conditioned  media,  there  was  no  increase  in 
CTGF  protein  in  the  first  2  days  after  AGE  treatment  in  the 
whole  cell  lysates  compared  with  control,  and  there  was  only 
a  modest  and  delayed  increase  in  CTGF  in  the  lysates,  which 
was  much  less  striking  than  the  increases  in  CTGF  protein 
observed  in  the  conditioned  media  (Fig.  6A). 

To  determine  whether  the  increase  in  CTGF  in  the  whole 
cell  lysates  seen  by  day  3  of  AGE  treatment  was  accessible  to 
the  extracellular  environment,  a  cell  association  assay  for 
CTGF  was  performed,  as  described  in  Materials  and  Methods. 
This  assay  uses  binding  of  a  biotinylated  CTGF  primary 
antibody  to  endogenous  CTGF  protein,  followed  by  antibody 
detection  using  a  streptavidin-HRP  system.  As  no  plasma 
membrane-permeabilizing  agents  were  used  in  the  protocol, 
the  specific  signal  detected  by  the  CTGF  primary  antibody 
was  due  to  CTGF  present  on  the  cell  surface  or  in  the  ex¬ 
tracellular  matrix,  rather  than  CTGF  present  in  an  intracel¬ 
lular  compartment.  As  shown  in  Fig.  7C,  at  72  h  AGE  at  100 
p.g/ml  specifically  increased  the  absorbance  signal  com¬ 
pared  with  control  (P  <  0.05  for  analysis  of  combined  data 
from  four  independent  experiments).  In  parallel  wells,  under 


the  same  conditions  of  confluent  cell  monolayers  in  serum- 
free  media,  cell  number  determined  by  hemocytometer 
counting  and  trypan  blue  exclusion  was  not  changed  by  AGE 
treatment  compared  with  control  BSA  (not  shown).  Thus, 
these  results  indicate  that  at  72  h,  AGE  treatment  increases 
cell-associated  CTGF  compared  with  BSA  control  treatment 
alone. 

Discussion 

This  study  describes  the  up-regulation  of  CTGF  mRNA 
and  protein  by  treatment  of  human  skin  fibroblasts  with 
advanced  glycosylation  end  products.  The  effect  of  AGE  on 
CTGF  induction  was  caused  by  products  of  nonenzymatic 
glycosylation,  as  coincubation  of  aminoguanidine,  an  inhib¬ 
itor  of  nonenzymatic  glycosylation,  with  glucose  and  BSA 
did  not  have  an  effect  on  CTGF  mRNA,  nor  was  an  effect  seen 
with  increasing  control  BSA  alone.  The  up-regulation  of 
CTGF  in  this  cell  model  was  mediated  by  AGE  rather  than 
by  earlier  products  of  nonenzymatic  glycosylation,  such  as 
amadori  products,  as  the  use  of  an  antibody  specific  for  AGE 
that  does  not  bind  amadori  products  inhibited  the  induction 
of  CTGF  gene  expression.  The  effect  was  at  least  partly  me¬ 
diated  through  the  AGE  receptor  known  as  RAGE,  as  an 
anti-RAGE  antibody  significantly  attenuated  the  effect  of 
AGE  on  CTGF. 

The  up-regulation  of  CTGF  by  AGE  appears  to  be  specific 
for  CTGF  and  is  generalizable  to  skin  fibroblasts  from  dif- 
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A:  CTGF  (IQFBP-rP2)  ELISA  and  parallelism  of 
samples  with  intact  rhCTGF  (IGFBP-rP2)  standard 


B:  CTGF  (IQFBP-rP2)  In  whole  cell  lysates 
measured  by  ELISA 


C:  Cell  Associated  CTGF  (IGFBP-rP2)  at  day  3 
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Fig.  7,  Whole  cell  lysate  and  cell-associated  increases  in  CTGF 
(IGFBP-rP2)  after  AGE  BSA  treatment.  A,  CTGF  (IGFBP-rP2) 
ELISA  as  described  in  Materials  and  Methods,  showing  the  standard 
curve  generated  for  intact  CTGF  (IGFBP-rP2;  □)  compared  with  the 
curves  generated  with  a  14-kDa  fragment  of  CTGF  (IGFBP-rP2;  A), 


fering  sources  and  passage  number.  In  each  of  the  four  fi¬ 
broblast  cell  lines  studied,  AGE  up-regulated  CTGF.  In  the 
cell  line  most  extensively  studied,  CRL-2097,  CTGF  was  reg¬ 
ulated  by  AGE  in  early  passages  (passage  4)  and  also  at  later 
passages  (passage  12).  In  contrast  to  effects  on  CTGF,  the  two 
other  members  of  the  IGFBP  superfamily  that  were  studied, 
IGFBP-3  and  IGFBP-rPl,  were  not  up-regulated  by  AGE. 
Further  studies  will  be  required  to  determine  whether  AGE 
affects  other  members  of  the  CCN  (CTGF,  Cyrbl,  Nov) 
family. 

The  concentrations  of  AGE  BSA  used  in  these  experiments 
approximate  those  used  in  vitro  in  other  studies  exploring 
biological  effects  of  AGE  on  cells  (13,  27).  Although  there  is 
no  universal  standard  method  for  measuring  specific  AGE 
components  at  this  time,  and  the  AGE  antibodies  used  in 
assays  measuring  AGE  differ  (39),  the  AGE  BSA  concentra¬ 
tions  studied  are  in  the  broad  range  for  AGE  concentrations 
found  in  diabetic  serum  (40). 

Few  AGE  components  have  been  defined  biochemically  to 
date,  and  the  specific  end-product(s)  that  might  be  mediating 
the  effect  on  CTGF  was  not  identified  in  this  work.  AGE  adducts 
existing  in  diabetic  tissues  that  have  been  shown  to  signal 
through  AGE  receptors  include  mainly  CML  (28)  and  imida¬ 
zoline-based  products  (41).  Considering  that  CML  adduct  is  a 
ligand  for  RAGE  (28),  that  our  AGE  reagent  contained  CML, 
and  that  at  least  part  of  the  AGE  effect  on  CTGF  has  been  shown 
to  be  mediated  through  RAGE,  it  is  plausible  that  CML  adducts 
are  one  of  the  AGE  components  operative  in  this  study.  In  the 
current  work,  when  AGE  BSA  S5mthesized  from  glycolalde- 
hyde  was  studied  in  experiments  where  AGE  BSA  synthesized 
from  glucose  was  also  used  in  treatments,  each  at  the  same  AGE 
concentration  of  100  iixg/ml  BSA  with  mRNA  measurements 
over  3  sequential  days,  the  induction  of  CTGF  mRNA  by  these 
reagents  did  not  differ  (data  not  shown).  As  these  two  AGE 
reagents  contain  differing  amounts  of  CML  (as  described  in 
Materials  and  Methods),  the  CML  adduct  cannot  be  the  only 
explanation  for  the  observed  AGE  effect  on  CTGF  mRNA  in 
these  AGE  preparations.  Further  experiments  with  pure  CML 
and  other  pure  AGE  adducts,  when  available,  will  be  required 
to  address  this  issue. 

A  number  of  subtypes  of  cell  surface  receptor  bind  AGE 
specifically  and  are  responsible  for  mediating  multiple  cel¬ 
lular  effects  of  AGE  (42).  These  receptors  exist  in  four  main 
classes:  RAGE,  AGE-Rl,  AGE-R2,  and  AGE-R3  (8).  In  the 
diabetic  environment,  the  increased  AGE  present  is  hypoth¬ 
esized  to  bind  and  activate  AGE  receptors,  and  in  some 
studies,  the  induction  of  growth  factors  by  AGE  has  been 
shown  to  be  mediated  by  AGE  receptors,  including  RAGE 
(43).  Our  studies  indicate  that  RAGE  is  responsible  for  me¬ 
diating  at  least  part  of  the  effect  of  AGE  on  CTGF  mRNA.  The 


endogenous  intact  CTGF  present  in  2097  cell-conditioned  medium 
(0),  and  2097  cell  whole  cell  lysates  (O).  B,  Results  of  analysis  of 
CTGF  in  the  whole  cell  lysates  by  CTGF  ELISA  after  treatment  up 
to  72  h  with  AGE  or  control  BSA,  each  at  100  jug/ml.  Data  are  the 
mean  ±  1  so  of  four  independent  experiments.  *,  P  <  0.05  ys.  control 
BSA  on  day  3.  C,  Results  showing  cell-associated  CTGF  after  AGE 
treatment  compared  with  control  BSA  (100  /LLg/ml)  at  72  h,  using 
biotinylated  anti-CTGF  IgG  primary  antibody  followed  by  HRP- 
labeled  secondary  antibody  or  the  secondary  antibody  alone,  as  de¬ 
scribed  in  Materials  and  Methods.  Data  are  the  mean  ±  1  SD  of  four 
independent  experiments.  *,  P  <  0.05  us.  all  other  groups. 
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possibility  that  other  AGE  receptors  might  also  contribute  to 
these  effects  is  not  excluded  by  this  work. 

A  role  for  growth  factors  in  contributing  to  chronic  dia¬ 
betes-related  end-organ  complications,  particularly  vascular 
endothelial  growth  factor  (VEGF),  TGF/31,  IGF-I,  and  plate¬ 
let-derived  growth  factor,  is  under  increasing  evaluation, 
and  a  potential  role  for  CTGF  in  chronic  diabetic  complica¬ 
tions  is  emerging.  CTGF  is  a  potent  profibrotic  agent  (18, 44), 
which  is  reflected  in  its  ability  to  induce  ECM  components 
and  increase  fibroblast  DNA  synthesis  (18)  and  to  promote 
angiogenesis  (20,  21).  CTGF  mRNA  levels  are  up-regulated 
in  many  chronic  disease  states  where  fibrosis  is  prominent 
(22-24).  Two  separate  studies  involving  renal  mesangial  cells 
and  differing  diabetic  rat  models  recently  reported  that 
CTGF  gene  expression  (45)  as  well  as  protein  (46)  are  in¬ 
creased  in  mesangial  cells  after  exposure  to  high  glucose  and 
in  vivo  in  diabetic  rat  kidneys.  Immunohistochemical  studies 
of  kidney  tissue  in  human  end-stage  renal  disease  showed 
increased  CTGF  protein  in  diabetic  kidneys  as  well  as  other 
nephropathies  (47),  and  CTGF  mRNA  is  markedly  increased 
in  advanced  atheromatous  lesions  (48). 

This  is  the  first  report  of  CTGF  induction  by  advanced  gly- 
cosylation  end  products,  and  it  provides  a  potentially  critical 
linkage  among  AGE,  growth  factors,  and  fibrosis.  AGE  induc¬ 
tion  of  growth  factors  and  cytokines  has  been  described  for 
VEGF,  TGF]31,  IGF-I  and  platelet-derived  growth  factor,  TNFa, 
IL-1J3,  and  IL-6  (3)  mainly  in  various  endothelial  and  mesen¬ 
chymal  cultured  cells  and  in  some  cases  by  AGE  administration 
in  vivo  (15).  CTGF  appears  to  fit  well  into  this  group  of  proin- 
flammatory  and/or  profibrotic  proteins. 

The  striking  persistent  effect  over  3  days  of  AGE  on  CTGF 
mRNA  even  after  transient  treatment  suggests  that  regulation 
of  CTGF  by  the  AGE  reagent  tested  is  complex  and  may  involve 
multiple  interrelated  intracellular  signals.  The  cellular  mecha- 
r\ism  of  AGE  induction  of  CTGF  mRNA  was  not  defined  in  this 
study.  RO  species  were  not  implicated,  because  antioxidants 
were  ineffective  in  inhibiting  AGE  induction  of  CTGF.  TGF/31 
is  a  known  potent  inducer  of  CTGF  gene  expression,  and  CTGF 
is  implicated  as  a  downstream  mediator  of  TGF/31  effects  (49), 
particularly  in  fibrosis  (44).  We  were  unable  to  show,  however, 
that  TGFjSl  is  a  mediator  in  the  AGE  induction  of  CTGF.  In  the 
current  work,  both  the  early  time  course  of  initial  induction  of 
CTGF  mRNA  by  AGE  at  8  h  as  well  as  the  inability  of  TGF/31- 
neutralizing  antibodies  to  inhibit  AGE  induction  of  CTGF  sug¬ 
gest  that  AGE  is  operating  through  mechanisms  that  are  inde¬ 
pendent  of  TGF)31.  Although  studies  involving  the  use  of 
exogenously  added  neutralizing  antibodies  have  potential  lim¬ 
itations  in  assessing  the  role  of  endogenous  protein  bioactivity, 
that  total  TGFjSl  measurements  in  conditioned  media  mea¬ 
sured  by  TGF01  ELISA  (Promega  Corp.,  Madison,  WI)  in  these 
cells  were  not  increased  by  AGE  compared  with  control  BSA 
treatment  (data  not  shown)  is  also  supportive  that  TGFj31  is  not 
a  mediator  of  AGE  induction  of  CTGF  in  this  work.  These 
results  contrast  with  studies  describing  TGFj3-dependent  ef¬ 
fects  of  glucose  on  CTGF  up-regulation  in  human  mesangial 
cells  (45, 46),  but  are  consistent  with  other  studies  showing  that 
various  reagents  can  potently  up-regulate  CTGF  mRNA  inde¬ 
pendently  of  TGFj31  (50). 

In  human  fibroblast  primary  cultures,  CTGF  exists  at  very 
low  levels  in  conditioned  medium  and  is  often  present  in  low 


Mr  fragment  forms,  which  may  also  have  bioactivity  (38).  That 
intact  CTGF  was  readily  detectable  in  the  medium  after  AGE 
treatment  may  be  partly  related  to  posttranslational  modifica¬ 
tion  of  CTGF,  with  cross-linking  of  CTGF  protein  by  AGE  into 
a  high  Mr  immunoreactive  form  and  redistribution  of  CTGF 
from  a  cell-associated  site  into  the  conditioned  medium.  In 
addition  to  the  CTGF  increases  in  the  conditioned  medium  and 
consistent  with  the  progressive  increase  in  CTGF  mRNA  after 
AGE  treatment,  AGE  caused  increases  in  intact  CTGF  in  whole 
cell  lysates  at  72  h.  Further  analysis  showed  that  the  CTGF 
increase  in  the  lysates  included  protein  that  was  cell  associated 
and  in  a  site  accessible  to  the  extracellular  environment.  To  what 
extent  the  bioactivity  of  CTGF  protein  is  affected  by  its  presence 
in  the  medium  compared  with  a  cell-associated  site  is  an  im¬ 
portant  issue  for  future  study  of  CTGF  bioactivity. 

There  is  a  rationale  to  potentially  link  AGE  effects  and 
diabetic  complications  with  the  induction  of  CTGF  in  skin 
and,  by  association,  with  pathology  in  other  tissues.  A  feature 
commonly  present  in  human  diabetes,  even  in  late  childhood 
and  adolescence,  is  skin  thickening  and  contracture  (51), 
termed  diabetic  sclerosis.  This  process  affects  mainly  the 
distal  extremities  and  is  characterized  by  expansion  of  ex¬ 
tracellular  matrix,  fibroblast  proliferation,  and  angiogenesis 
(52).  The  presence  of  overt  diabetic  sclerosis  of  skin  is  cor¬ 
related  with  the  presence  and  future  development  of  end- 
organ  complications,  particularly  diabetic  nephropathy  and 
retinopathy  (53).  AGE  products  are  increased  in  human  di¬ 
abetic  skin  (6),  and  the  levels  of  AGE  in  skin  also  correlate 
positively  with  the  presence  of  diabetic  microvascular  kid¬ 
ney  and  eye  disease  (5, 6).  That  the  ability  of  CTGF  to  induce 
fibrosis  has  been  well  characterized  in  skin  (18,  44)  makes 
skin  fibroblasts  a  relevant  cell  model  for  the  current  study. 

Clearly,  in  vivo  and  longer  term  studies  are  required  to 
substantiate  a  more  definitive  role  for  induction  of  CTGF  by 
AGE  in  potentially  mediating  diabetic  fibrotic  complications 
in  skin  and  other  organs.  Activation  of  receptors  for  AGE, 
particularly  RAGE  (54),  has  also  been  implicated  in  the 
pathogenesis  of  fibrosis  that  develops  in  chronic  diseases 
other  than  diabetes  (42, 54, 55).  That  AGE  up-regulates  CTGF 
in  nontransformed  human  fibroblasts  suggests  that  CTGF 
may  be  a  factor  mediating  the  observed  AGE  and  RAGE 
effects,  which  is  a  hypothesis  that  requires  further  testing. 
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Abstract 


Hepatoblastoma  is  a  poorly  understood  rare  pediatric  liver  tumour.  We  have  previously 
shown  that  the  IGF-axis  is  seriously  disrupted  in  this  tumour  type.  With  the  recent 
discovery  that  several  other  proteins  also  have  the  potential  to  bind  to  IGFs  called  insulin¬ 
like  growth  factor  binding  protein  related  proteins  (IGFBP-rPs),  we  undertook  an 
examination  of  several  such  genes  in  a  series  of  hepatoblastomas  with  matched  normal 
liver  tissue.  The  expression  profiles  obtained  reveal  that  the  expression  of  these  genes  are 
also  disturbed  in  these  tumours,  and  may  have  implications  for  our  understanding  of  the 
IGF-axis  and  its  importance  in  this  disease. 
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1.  Introduction. 


Hepatoblastoma  is  a  rare  pediatric  liver  disease  with  an  incidence  of  between  0.5  -  1.5 
per  million  children  [1].  Most  hepatoblastomas  are  sporadic,  but  some  familial  inherited 
disorders,  most  notably  Beckwith-Wiedemann  (BWS),  and  familial  Adenomatous 
polyposis  (FAP),  are  associated  with  an  increased  risk  for  developing  hepatoblastomas. 
Pre-operative  chemotherapy  regimes  have  proven  to  be  extremely  successful  for  treating 
this  disease,  but  an  understanding  of  the  molecular  processes  behind  the  development  of 
hepatoblastoma  has  lagged. 

Gene  expression  studies  have  revealed  that  several  genes  show  altered  expression  in 
hepatoblastomas.  These  include  genes  involved  with  modifying  chromatin,  cell  growth 
and  cell  cycle  control  [2-5].  We  and  others  have  shown  that  the  insulin-like  growth 
factor  axis  is  greatly  altered  in  hepatoblastoma  not  only  at  the  level  of  the  growth  factors 
themselves  but  also  to  their  receptors  and  binding  proteins  [6-8].  Because  the  IGF-axis 


plays  an  important  role  in  many  diverse  cellular  functions  including  the  promotion  of  cell 
growth  and  cell  survival,  such  alterations  may  be  critical  to  this  tumour  fyP^ 

Recently  an  increasing  number  of  proteins  have  been  identified  to  have  the  ability  to  bind 
to  the  insulin-like  growth  factors  albeit  with  low  affinity.  This  has  led  to  them  being 


called  insulin-like  growth  factor  binding  related  proteins  or  IGFBP-rPs,  although  some 
controversy  exists  as  to  them  being  renamed  [9-12].  These  include  the  proteins  CTGF, 
NovH  and  TAF  all  of  which  have  been  shown  to  have  altered  expression  in  cancer  [9]. 
Because  these  genes  may  have  functional  roles  with  regard  to  the  IGF-axis  and  have  been 
shown  to  have  altered  expression  in  various  cancers  we  sought  to  examine  their 


expression  in  series  of  hepatoblastoma  for  which  matched  normal  liver  was  available  and 
in  which  the  IGF-axis  has  been  shown  to  be  altered,  in  an  attempt  to  assess  whether  their 
expression  may  also  be  altered  as  a  consequence  of  the  tumour. 


2.  Materials  and  Methods 


2. 1  Samples 

Twelve  sporadic  hepatoblastomas  were  examined  in  this  study.  For  eight  of  these, 
matched  normal  liver  tissue  was  available.  All  of  the  tumours  with  the  exception  of  cases 
6  and  7  were  freeze-sectioned  into  1  mm  portions  interrupted  by  5  pm  sections.  The  1- 
mm  sections  were  used  for  RNA  isolation,  while  the  interrupted  thin  sections  were 
prepared  for  histopathological  evaluation.  These  samples  were  fixed  in  formalin,  stained 
and  processed  with  hematoxylin  and  eosin  in  the  usual  manner.  The  results  of  this 
evaluation  are  presented  in  Table  I,  along  with  particulars  for  each  sample.  Human  fetal 
livers  (14-  and  18-  week)  were  obtained  from  therapeutic  terminations,  with  the 
permission  of  the  local  ethical  committee.  Due  to  the  nature  of  such  procedures,  limited 
amounts  of  tisuue  were  obtained,  and  where  available  the  mRNA  was  included  in  the 
analyses. 

2.2  Nucleic  Acid  Isolation 

Total  RNA  was  prepared  as  described  previously  [13]. 

2.3  Preparation  of  Probe  and  RNase  Protection  Analysis 

T3,  T7  and  Sp6  RNA  polymerases  (Invitrogen)  were  used  to  make  antisense  RNA  probes 
from  the  following  templates  according  to  the  protocol  provided  in  the  RP A II  kit 
(Ambion).When  incorporating  radioactivity  into  the  probe,  radioactive  32P-UTP  with  a 
specific  activity  of  800  Ci/mmol  was  used.  Cold  UTP  was  added  such  that  final  UTP 
specific-activity  was  80  Ci/mmol  for  the  GAPDH  probe  and  400  Ci/mmol  for  the  others. 


The  probes  used  in  this  study  were  prepared  as  follows: 

To  measure  IGFBP-rPl  (Mac25/TAF/PSF)  expression,  a  Sma  VKpn  I  fragment  from  the 
full  length  cDNA  contained  in  pcDNA3.1  pf  for  pcDNAll.rPl?)was  blunted  and 
subcloned  into  the  EcoR  V  site  of  pBluescript  II  SK  (-)  (Stratagene).  When  linearised 
with  Hind  III  a  probe  of  320  bases  could  be  generated  using  T3  RNA  polymerase  of 
which  210  bases  hybridize  to  IGFBP-rPl  specific  transcripts. 

IGFBP-rP2  (CTGF)  expression  was  measured  using  a  217  base  pair  Sma  I  fragment  from 
the  full  length  IGFBP-rP2  (pFastBacl  IGFBPrP2  ref  for  this  plasinid)cloned  into  the 
EcoR  V  site  of  pBluescript  II  SK  (-).  Following  linearization  with  EcoR  I,  a  probe  of  237 
bases  could  be  generated  of  which  217  bases  hybridize  to  IGFBPrP2  mRNA  and  protect 
from  RNase. 

A  template  fox  IGFBP-rP4  {Cyr61)  was  generated  by  cloning  a  214  base  pair  Sma  MPst  I 
fragment  of  the  full  length  cDNA  from  a  pBK-CMV  plasmid  containing  the  full  length 
Cyr61  mRNA  (generous  gift  from  Dr.  P.  Berta)  [14]  into  pBluescript  II  SK  (-). 

Following  linearization  with  EcoR  I  a  probe  of  305  bases  could  be  generated  with  T3 
RNA  polymerase  of  which  214  bases  hybridize  specifically  to  IGFBPrP4  specific  mRNA 
transcripts. 

IGFBP-rP5  {L56/HtraA)  expression  was  measured  by  cloning  a  186  base  pair  Ava  II 
fragment  from  a  pUC19  plasmid  containing  the  full  length  cDNA  (kind  gift  of  Dr  B. 
Treub)  [15]  into  the  Sma  I  site  of  pGem3Zf(+)  (Promega).  Following  linearization  with 
EcoR  I  a  probe  of  approximately  255  bases  could  be  generated  with  SP6  of  which  186 
bases  hybridize  specifically  to  IGFBP-rP5  mRNA  transcripts. 


All  of  the  plasmids  described  above  were  sequenced,  in  order  to  ensure  that  the  fragment 
cloned  corresponded  to  the  gene  under  examination.  Sequencing  was  carried  out  with  T7 
Sequenase  according  to  the  manufacturers  instructions  (United  States  Biochemical). 
RNase  protection  was  carried  out  according  to  the  protocol  gievn  with  the  RPA II  kit 
(Ambion). 

2. 4  Analysis  of  Expression 

Quantification  of  the  RPA  results  was  obtained  using  phosphorimager  analysis  (BAS- 
1000,  Fuji  Photo  Film  Co.,  Ltd)  with  GAPDHmB2AK  levels  utilized  as  the  internal 
control  in  each  case.  In  each  case  the  values  for  the  gene  under  scrutiny  were  normalised 


to  the  internal  control. 


3.  Results. 


3.1  RNase  protection  analysis 

Following  sectioning  and  histopathological  examination  (Table  I),  total  RNA  was 
isolated  and  gene  expression  was  measured  using  RNase  protection  analysis.  A 
representative  image  of  the  results  obtained  for  each  gene  examined  is  shown  in  Fig.  1. 
The  results  of  each  analysis  are  described  in  more  detail  in  the  following  sections. 

3.2  Expression  oflGFBP-rPl  (Mac25/TAF/PSF)  in  Hepatoblastoma. 

We  examined  the  mRNA  expression  levels  of  IGFBP-rPI  in  a  series  of  matched 
hepatoblastomas  and  the  corresponding  normal  liver  tissue  from  patients  between  the 
ages  of  2  and  54  months.  Included  in  the  analysis  were  some  hepatoblastomas  with  no 
counterpart  normal  tissues  and  fetal  liver  samples.  The  results  of  this  analysis  are  shown 
in  Fig.  2.  In  four  of  the  eight  matched  tumours  expression  of  this  gene  was 
downregulated  when  compared  to  their  matched  normal  counterparts.  In  the  unmatched 
samples  tumours  two  had  expression  which  was  below  the  average  normal  liver  values, 
downregulated  in  the  tumours.  Thus  overall,  6  out  of  12  (50%)  of  the  tumours  show 
downregulated  expression  of  this  gene.  However,  in  cases  3, 5  and  7  (25%  of  the 
tumours)  IGFBP-rPI  is  greatly  upregulated  in  these  tumours. 


3.3  Expression  ofIGFBP-rP2  (CTGF)  in  Hepatoblastoma 

Next  we  examined  the  expression  of  IGFBP-rP2  in  these  samples.  One  tumour  (case  7) 
showed  greatly  increased  expression  over  its  corresponding  normal  liver  (Fig.  3.).  Two 
other  samples  (cases  3  and  5)  showed  slightly  elevated  levels  of  expression.  Including  the 
unmatched  tumours  four  samples  (33%)  have  upregulated  expression  of  IGFBP-rP2.  In 
the  matched  tumours,  downregulated  expression  of  this  gene  was  observed  in  three 
tumours  (cases  2,  6  and  8).  One  of  the  unmatched  tumours  also  showed  decresaed 
expression  of  this  geneand  two  samples  had  unaltered  expression. 

3.4  Expression  ofIGFBP-rP4  (CyrSI)  in  Hepatoblastoma 

When  IGFBP-rP4  expression  was  examined  most  of  the  tumours  were  observed  to  have 
reduced  levels  of  expression  of  this  gene  in  comparison  with  their  matched  normal  liver 
(Fig.  4.).  The  exceptions  to  this  were  cases  3  and  7  which  showed  upregulated 
expression.  Of  these,  case  7  had  greatly  increased  expression  of  IGFBP-rP4.  In  the 
unmatched  samples  two  samples  have  lower  levels  of  expression  than  the  average  normal 
liver  value.  Overall,  7  of  12  samples  or  58%  of  the  hepatoblastomas  showed 
downregulated  expression  of  this  gene. 

3.5  Expression  ofIGFBP-rP5  (HTRA/L56)  in  Hepatoblastoma  . 

The  levels  of  mRNA  transcripts  for  IGFBP-rP5  were  then  measured  in  these  samples.  In 
almost  all  cases  expression  of  this  gene  was  downregulated  in  the  matched  tumour 
samples  compared  to  their  normal  liver  counterparts  (Fig.  5.).  Two  samples,  cases  3  and  5 
show  an  increased  level  of  expression  of  lGFBP-rP5.  All  of  the  unmatched  tumours  have 


levels  of  expression  below  that  of  average  normal  liver.  If  these  are  taken  into  account,  9 
out  of  12  hepatoblastomas  or  75%  of  the  samples  had  downregulated  expression  of 


IGFBP-rP5. 


4.  Discussion. 


In  the  present  study  we  have  examined  the  mRNA  expression  of  four  genes  whose 
products  have  recently  been  identified  as  having  the  ability  to  bind  IGFs  at  low  affinity  in 
a  series  of  hepatoblastomas  in  relation  to  their  matched  normal  tissues  (summarized  in 
Table  II).  Previously  we  have  reported  that  many  members  of  the  IGF-axis  have  altered 
expression  in  these  samples  including  the  IGFs  which  may  therefore  lead  to  increased 
mitogenic  signalling  within  their  surroundings  [2,7].  IGFBPs  are  critical  regulators  of 
IGF  activity,  and  by  binding  to  IGFs  they  form  biologically  inactive  complexes  which  in 
addition  to  increasing  the  half-life  of  the  growth  factor,  also  modulate  the  binding  of  the 
IGFs  to  their  cognate  receptors  [9,10].  Thus,  the  newly  identified  IGFBPrPs  may  also 
prove  to  have  important  roles  in  regulating  IGF  signalling  in  addition  to  their  other  roles 
[9-12]. 

IGFBPrPl  has  been  shown  to  be  a  potential  tumor  suppressor  [9,16]  and  decreased 
expression  of  this  gene  has  been  observed  in  higher  stage  breast  cancer  [17].  In  addition, 
downregulation  of  this  gene  by  methylation  has  been  shown  to  be  important  for 
tumori genesis  in  a  mouse  model  of  liver  cancer  [18].  As  such,  the  decreased  expression 
of  this  gene  in  some  of  our  samples  may  reflect  the  loss  of  tumour  suppressive 
capability.  It  may  also  indicate  that  increased  methylation  of  this  gene  may  be  occurring 
in  the  hepatoblastomas.  Cases  3,  5  and  7  however  have  greatly  increased  expression  of 
this  gene,  and  this  may  indicate  an  attempt  by  the  tumours  to  regulate  or  suppress  the 
tumour. 

IGFBP-rP2  or  CTGF  is  a  major  mitogenic  factor  for  connective  tissue  cells.  It  has  also 
been  shown  to  be  specifically  expressed  in  the  maligant  lymphoblasts  of  patients  with 


acute  lymphoblastic  leukemia,  and  also  to  be  expressed  in  breast  cancer  cell  lines  [19,20]. 
In  our  samples  three  tumours  have  increased  expression  of  this  gene,  with  one  sample  in 
particular  (case  7),  having  greatly  enhanced  expression.  This  may  therefore  lead  to 
increased  mitogenic  signalling  in  these  particular  tumours. 

(Wheii  we  tested  our  sanaples  using  inmunohistocheinistry  fo^  ICjFBP-rPl  and  IOFBP- 
rP2  we  were  unhble  to  observe  any  protein  (data  not  shown).  V^ile  this  inay  be  ah 
artifact  of  the  tiis^e  preparation,  it  may  also  indicate  the  rapid  secretion  of  Aese  proteihS 
hato  the  serum  surrounding  the  tumours ....  should  we  keep  this  ??? ) 

IGFBP-rP4  (Cyrdl)  has  also  been  implicated  in  cancer  where  it  has  been  shown  to  be 
downregulated  in  prostate  cancer  [21].  However  overexpression  of  this  gene  in  a 
xenograft  model  appears  to  promote  tumour  growth  [22].  In  our  analysis  of 
hepatoblastomas,  one  sample  (case?)  has  a  very  high  overexpression  of  this  gene 
compared  to  its  matched  normal  liver,  and  this  may  be  a  reflection  of  increased  growth 
potential  in  this  tumour.  However  five  of  the  samples  also  show  reduced  expression  of 
this  gene  in  a  manner  similar  to  that  observed  for  prostate  cancer  [21]. 

IGFBP-rP5  (L56/HtrA)  is  an  interesting  protein  because  it  has  serine  protease  activity. 
One  feature  of  the  IGF-axis  is  that  the  IGFBPs  themselves  are  regulated  in  part  by  the 
actions  of  serine  proteases.  The  cleavage  of  such  binding  proteins  could  therefore 
increase  the  availability  of  free  IGFs,  leading  to  increased  mitogenic  signalling.  IGFBP- 
rP5  has  been  shown  to  be  able  to  cleave  IGFBP-5  and  as  such  overexpression  of  this  gene 
may  enhance  the  mitogenic  signalling  by  IGFs  in  the  vicinity  of  the  tumour  [9].  In  our 
samples  two  hepatoblastomas  (cases  3  and  5)  show  elevated  expression  of  this  serine 
protease.  However,  in  most  cases  the  expression  of  this  gene  is  reduced,  and  this  may 


signal  an  attempt  by  the  tumours  to  limit  the  mitogenic  signalling  in  their  vicinity.  It  is 
interesting  to  note  that  the  same  samples  which  show  elevated  IGFBP-rP5  also  have  a 
concommitant  overexpression  of  IGFBP5  indicating  that  the  regulation  of  IGFBP5  may 
be  linked  to  IGFBP-rP5  activity  [23], 

Cases  3  and  5  appear  to  be  of  particular  interest  as  in  previous  reports  we  have  shown 
that  the  expression  of  IGF  1,  IGF2,  IGF  JR,  IGFBP5,  IGFBP6,p53,pRb,  and  TGFpl  are 
all  upregulated  in  these  samples  when  compared  to  the  rest  (Gray  et  al.,  2000a,  Gray  et 
al.,  2000b;  von  Horn  et  al.,  2001).  These  changes  may  be  of  importance  with  regard  to 
tumourigenesis  in  these  particular  samples.  Alternatively,  they  may  also  be  a  reflection  of 
the  response  to  the  pre-operative  chemotherapy  in  these  individuals. 

In  conclusion,  the  data  presented  indicate  that  in  hepatoblastomas,  the  IGF-axis  is 
seriously  disturbed,  extending  even  to  the  members  of  the  low  affinity  insulin-like  growth 
factor  binding  protein  related  proteins,  confirming  the  importance  of  this  axis  in  the 
pathogenesis  of  this  disease. 
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Figure  1.  RNase  protection  analysis. 

Representative  results  for  each  gene  examined  in  the  hepatoblastomas.  GAPDH  was  used 
as  an  internal  control  in  each  sample  for  use  in  the  quantitation  of  gene  expression. 
GAPDH  is  indicated  with  an  arrow,  letters  indicate  the  protected  band  for  each  gene  as 
follows:  A)  IGFBP-rPl;  B)  IGFBP-rP2;  C)  IGFBP-rP4;  D)  lGFBP-rP5. 

Figure  2.  RNase  protection  analysis  of  IGFBP-rPl  expression. 

Analysis  of  total  IGFBP-rPl  transcripts  in  hepatoblastomas.  expression  is  used 

as  the  internal  control  for  quantification  purposes.  In  all  of  the  following  figures  the  Y- 
axis  units  represent  the  values  for  each  gene  divided  by  the  value  obtained  for  the 
housekeeping  gene  GAPDH  (in  this  case:  IGFBP-rPl /GAPDH)  as  determined  by 
phosphorimager  analysis  and  following  the  adjustments  as  described  in  materials  and 
methods.  The  mean  ±  standard  error  of  the  mean  was  also  calculated  for  the  normal  liver 
(N),  and  graphed  along  with  the  individual  samples.  Matched  tumors  are  those  samples 
for  which  normal  liver  was  taken  from  the  same  individual  at  time  of  surgery.  Uiunatched 
tumors  are  those  samples  for  which  normal  liver  tissue  was  unavailable.  Fetal  livers  were 
included  to  compare  against  normal  liver  and  tumour  expression. 

Figure  3.  RNase  protection  analysis  of  IGFBP-rP2  expression. 

Using  RNase  protection  analysis  IGFBP-rP2  transcripts  were  quantified  and  graphed  as 
described  in  Figure  2. 


Figure  4.  RNase  protection  analysis  of  IGFBP-rP4  expression. 

Quantification  of  IGFBP-rP4  transcripts  in  hepatoblastomas.  Following  quantification, 
the  results  were  graphed  as  described  in  Figure  2. 

Figure  5.  RNase  protection  analysis  of  IGFBP-rP5  expression. 

Quantification  of  IGFBP-rP5  transcripts  in  hepatoblastomas.  Following  RNase 
protection  analysis,  the  results  were  quantified  and  graphed  as  described  in  Figure  2. 


Table  I 

Clinical  data  for  the  tumor  samples  used  in  the  study 


Table  II. 

Expression  patterns  of  the  IGFB-rPs  in  hepatoblastomas® 


®  t,  increased  expression;  i,  decreased  expression;  N,  normal  expression; 

N/  tnormal  or  slightly  increased  expression;  N/i,  normal  or  slightly  decreased 


expression;  n.d.,  not  determined. 
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ABSTRACT 

We  have  measured  the  binding  of  IGF-I  and  IGF-II  to  recombinant  human  N-terminal 
(residues  1-97;  rhlGFBP-3^-®^)  and  C-terminal  (residues  98-264;  rhlGFBP-a^®  ^®^) 
IGFBP-3  fragments,  and  compared  it  with  IGF  binding  to  intact  lGFBP-3,  using 
biosensor  analysis.  Experiments  were  carried  out  in  different  configurations,  either  with 
binding  protein  or  fragment  immobilized,  or  with  IGF  immobilized.  These  experiments 
showed  that  IGF-I  and  IGF-II  bind  to  IGFBP-3  with  affinities  of  4-7  x  10^  M-\  with  IGF-II 
having  a  somewhat  higher  affinity  than  IGF-I.  The  association  and  dissociation  kinetics 
of  IGF-II  were  both  slightly  slower  than  those  of  IGF-I.  The  affinities  of  both  rhlGFBP-3^‘ 
and  rhlGFBP-3^®'^®^  for  IGF  proteins  were  approximately  3  orders  of  magnitude  less 
than  that  of  full-length  IGFBP-3,  with  rhlGFBP-3^-9^  having  about  3-5  times  the  affinity  of 
rhlGFBP-3®®'2®^.  jhese  results  further  support  the  concept  that  high-affinity  binding  of 
IGF  to  IGF  binding  proteins  results  from  a  two-site  interaction  of  IGF  with  both  the  N 
and  C  terminal  regions  of  the  binding  protein. 

Binding  of  insulin  to  IGFBP-3  and  its  N-  and  C-terminal  fragments,  and  of  IGF-I  and 
IGF-II  to  new  members  of  the  IGFBP  superfamily,  mac25(IGFBP-rP1)  and 
CTGF(IGFBP-rP2)  was  also  investigated.  Weak  insulin  binding  to  full-length  IGFBP-3 
could  be  demonstrated  in  a  few  experiments,  but  we  found  that  binding  of  IGF-I  and 
IGF-II  to  mac25(IGFBP-rP1 )  or  CTGF(IGFBP-rP2)  was  below  the  detection  limit  of  the 


biosensor  instrument. 


introduction 


Insulin-like  growth  factor  binding  proteins  (IGFBPs)  are  important  regulators  of  IGF 
action  that  act  by  modulating  IGF  binding  to  its  receptors.  Initially  identified  as  carriers 
for  IGFs  in  a  variety  of  biological  fluids,  their  presumed  function  is  to  protect  IGF 
peptides  from  degradation  and  clearance,  increase  the  half-life  of  IGFs,  and  deliver 
them  to  appropriate  tissue  receptors  (1).  A  number  of  IGFBP  fragments  have  been 
identified  in  different  biological  fluids  and  a  variety  of  specific  and  nonspecific  proteases 
for  IGFBPs  have  been  described  (2;3).  The  concept  of  IGFBPs  as  simple  carrier 
proteins  has  been  complicated  by  the  discovery  of  multiple  IGF-independent  actions  of 
IGFBPs  and  the  identification  of  a  number  of  cDNAs  encoding  proteins  that  bind  IGF 
with  substantially  lower  affinities  than  IGFBPs  (4).  The  N-terminal  regions  of  these 
proteins  are  structurally  homologous  to  the  IGFBPs,  with  conservation  of  the  cysteine 
residues  and  a  common  N-terminal  motif,  GCGCCXXC  (1).  This  observation  suggests 
an  IGFBP  superfamily  consisting  of  the  "classical"  high  affinity  IGFBPs  and  a  group  of 
low  affinity  IGFBP-related  proteins  (IGFBP-rPs). 

IGFBP-3  is  the  major  serum  IGFBP  and  transports  70-90%  of  the  circulating  IGFs  (5). 

In  target  cell  systems,  it  inhibits  IGF  actions,  but  also,  under  specific  conditions, 
potentiates  IGF  action  or  exerts  IGF-independent  effects  (5:6).  Proteolysis  of  IGFBP-3 
was  initially  demonstrated  in  human  pregnancy  serum,  in  which  circulating  IGFBP-3 
was  found  primarily  in  low-molecular  weight  forms  (7;8).  The  proteolytic  fragments  were 
shown  to  bind  IGF  with  lower  affinities,  thereby  increasing  availability  of  IGF  to  target 
receptors.  Subsequent  studies  demonstrated  that  limited  proteolysis  is  not  restricted  to 


IGFBP-3,  but  occurs  also  in  other  IGFBP-species,  IGFBP-1  through  -5  (2;3).  As  for 
IGFBP-3,  the  resulting  fragments  have  a  decreased  affinity  for  IGFs  and,  therefore, 
more  easily  release  IGF  to  the  target  receptors.  Furthermore,  various  IGFBP-fragments 
are  capable  of  direct  stimulatory  or  inhibitory  action  at  the  target  cells  (9-13). 

All  members  of  the  IGFBP-superfamily  preserve  the  N-terminal  cysteine-rich  domain, 
including  the  IGFBP-motif  GCGCCXXC,  but  vary  in  the  intermediate  region  and  C- 
terminal  domain  of  the  protein.  Only  the  high  affinity  IGFBPs  also  share  homology  in 
the  cysteine-rich  C-terminal  domain,  which  has  led  to  the  hypothesis  that  the  conserved 
N-terminal  domain  contains  the  main  IGF-binding  activity,  forming,  together  with  the  C- 
terminal  conserved  region,  the  high  affinity  IGF  binding  activity  in  IGFBPs  (1;13-15). 
With  the  expression  and  purification  of  a  variety  of  recombinant  IGFBPs,  IGFBP-rPs, 
and  well-defined  fragments  or  mutants,  our  understanding  of  structure-function 
relationships  of  the  members  of  the  IGFBP  superfamily  has  improved  (12;13:15-25). 
However  exact  measurement  of  the  binding  properties  of  the  various  members  of  the 
IGFBP  superfamily,  and  especially  their  proteolytic  fragments,  has  proved  difficult. 
Different  methods  have  been  used  to  estimate  the  binding  affinities:  conventional 
binding  assays  using  radiolabeled  IGFs,  affinity  cross-linking  with  radiolabeled  ligands, 
gel  filtration  or  western  ligand  blots  using  radiolabeled  or  biotinylated  ligands  (12- 
14:17:20;21:26-32).  However,  it  has  been  difficult  to  determine  accurate  affinities  of 
IGFs  for  IGFBPs  using  those  assays,  due  to  several  limiting  factors  such  as  quality  of 
labeled  ligands,  effect  of  labeling  iodine  on  the  affinity  and  limitation  of  measurable 
range  of  the  binding  affinity. 


In  recent  years,  biosensor  instruments  using  surface  plasmon  resonance  technology 
have  been  increasingly  used  to  study  biomolecular  interactions.  We  (33-35)  and  others 
(15:36-39)  have  used  this  technology  to  study  IGFBP  interaction  with  IGFs  or  their 
analogues.  In  the  present  study,  our  goal  was  to  make  a  detailed  analysis,  using  a 
BIACORE  biosensor  instrument  (Biacore  AB,  Uppsala,  Sweden),  of  the  binding  of  IGF-I 
and  IGF-II  to  recombinant  iGFBP-3  and  fragments  of  this  molecule,  and  also  to  new 
members  of  the  IGFBP  superfamily,  mac25(IGFBP-rP1)  and  CTGF(IGFBP-rP2). 


Material  and  Methods 


Equipment  and  reagents 

Experiments  were  done  on  an  upgraded  BIACORE™  1000  instrument  (Biacore  AB, 
Uppsala,  Sweden).  CMS  certified  sensor  chips,  surfactant  P20,  the  amine  coupling  kit 
(N-hydroxysuccinimide  (NHS),  N-ethyl-N'-(3-diethylaminopropyl)carbodiimide  (EDC), 
and  ethanolamine  hydrochloride  were  also  obtained  from  Biacore  AB.  Recombinant 
human  non-glycosylated  insulin-like  growth  factor  binding  protein-3  (rhlGFBP-3) 
produced  in  E.  co// was  a  gift  from  Protegen  (Mountain  View,  CA).  N-  and  C-terminal 
recombinant  fragments,  rhlGFBP-3'-®’^  and  rhlGFBP-39®-26^,were  produced  as  previously 
described  (32).  IGF-I  and  IGF-II  were  purchased  from  GroPep  Pty.Ltd  and  the 
biotinylation  of  IGF-I  was  performed  according  to  Fowlkes  (30). 

Immobilization  of  peptides  on  the  sensor  chip 

All  immobilizations  were  carried  out  at  25°C  using  an  amine  coupling  procedure  (33) 
with  a  constant  flow  rate  of  5  l/min.  A  more  thorough  description  of  the  immobilization 
procedure  can  be  found  elsewhere  (40).  Equal  volumes  of  0.1  M  NHS  and  0.1  M  EDC 
were  mixed  by  the  BIACORE  system's  robotics  and  injected  over  the  surface  of  the 
sensor  chip  to  activate  the  carboxymethylated  dextran.  For  coupling  to  the  sensor  chip, 
peptides  were  injected  over  the  activated  surface  in  a  1 0  mM  sodium  acetate  solution. 

A  solution  of  1M  ethanolamine  was  then  passed  over  the  surface  to  deactivate 
remaining  active  carboxyl  groups  and  to  wash  out  non-specifically  bound  protein. 
Combinations  of  peptide  concentration,  pH  during  coupling,  activation  time,  and 
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coupling  time,  respectively,  giving  a  stable  surface  with  satisfactory  amounts  of  the 
coupled  peptide,  were  as  follows:  rhlGFBP-3:  10  g/ml,  pH  4.5,  3  min,  7min;  rhlGFBP- 
398-264;  2  g/ml,  pH  4.5,  7  min,  7  min;  rhlGFBP-3^-®^:  20  g/ml.  pH  4.0, 10  min,  10  min; 

IGF-I:  4  g/ml,  pH  4.5,  7  min,  7min;  IGF-II:  1  g/ml,  pH  4.0,  7  min,  7min.  All 
ethanolamine  deactivation  steps  were  run  for  7  minutes.  Immediately  after  the 
immobilization  procedure,  HBS  buffer  (10  mM  Hepes,  150  mM  NaCI,  3.4  mM  EDTA, 

0.05%  P20,  pH  7.4)  was  flowed  over  the  sensor  chip  surface  for  a  minimum  of  2  hours 
to  aliow  the  surface  to  stabilize. 

Quality  control  of  immobilized  surfaces 

In  repeated  experiments  for  each  peptide,  concentration  and  coupling  time  were  varied 
to  give  a  range  of  immobilized  peptide  coupled  to  the  sensor  chip,  in  order  to  check  for 
possible  mass  transport  effects,  which  are  expected  to  be  most  pronounced  at  high 
immobilization  levels  and  high  binding  affinities  (41:42),  and  also  to  control  for 
dependence  of  fitted  binding  parameters,  or  of  apparent  stoichiometry  of  binding,  on 
immobilization  level.  We  calculate  the  apparent  stoichiometry  as  the  ratio  of  the 
maximum  achievable  analyte  bound,  measured  in  the  instrument’s  standard  resonance 
units  (RU),  to  the  theoretical  maximum,  where  the  theoretical  maximum  is  defined  as 
ImmobilizedRU  *  MW(analyte)  /  MW(immobiiized  peptide), 
where  ImmobilizedRU  is  the  amount  of  peptide  immobilized  on  the  sensor  chip,  also 
expressed  in  RU.  The  apparent  stoichiometry  gives  a  good  indication  of  the  degree  of 
inactivation  of  protein  due  to  immobiiization,  and  the  steric  hindrance  of  binding  due  to 


overcrowding  of  immobilized  molecules  on  the  surface.  Immobilization  levels  in  our 
experiments  were  kept  low  both  to  give  as  high  apparent  stoichiometries  as  possible, 
and  to  reduce  steric  hindrance  effects.  Typical  apparent  stoichiometries  for  immobilized 
rhlGFBP-3  were  0.8  to  0.9,  whereas  those  for  immobilized  IGF-I  were  about  25%  and 
even  lower  for  IGF-II.  Note  that  a  low  apparent  stoichiometry  will  still  give  accurate 
binding  results  if  the  immobilized  molecules  are  all  either  fully  active  or  fully  inactive. 
Mass  transport  effects  (41:42)  were  observed  when  measuring  binding  of  rhlGFBP-3  to 
immobilized  IGF-I  or  IGF-II,  and  these  effects  could  not  be  fully  eliminated  even  at  the 
high  flow  rates  (50  pl/min)  used  in  our  experiments.  Mass  transport  effects  were  not 
apparent  for  any  of  the  other  tested  molecules.  In  the  case  of  rhlGFBP-3  binding  to 
immobilized  IGF-I,  analysis  of  sensorgram  data  using  models  including  or  not  including 
mass  transport  effects  showed  only  minor  differences  in  estimated  binding  parameters. 
These  differences  were  especially  minimal  in  global  analyses  (i.e.  simultaneous 
analysis  of  multiple  sensorgrams  at  different  analyte  concentrations)  (43:44).  None  of 
the  experiments  showed  a  systematic  change  of  binding  parameters  with  immobilization 
level. 

Kinetic  assays  on  the  BIACORE 

All  experiments  were  carried  out  at  25  °C,  with  a  constant  flow  rate  of  50  l/min  of  MBS 
buffer.  This  high  flow  rate  was  chosen  to  minimize  mass  transport  effects.  Purified 
analyte  was  diluted  to  various  concentrations  in  MBS  buffer  using  the  system  robotics, 
and  the  solution  was  injected  over  the  peptides  coupled  to  the  chip  surface  for  5 


minutes  (association  phase),  followed  by  10  minutes  flow  of  HBS  buffer  alone 
(dissociation  phase).  In  most  experiments,  the  binding  phases  were  preceded  by  a  10- 
minute  wash  with  HBS  buffer  alone  to  allow  the  surface  to  equilibrate  with  the  buffer. 
Bound  analyte  was  removed  from  the  coupled  peptide  by  flowing  a  solution  of  100  mM 
HCI  over  the  surface  for  3  minutes.  This  treatment  regenerated  the  surfaces  efficiently 
without  any  apparent  damage.  We  observed,  however,  that  IGF-I  surfaces  immobilized 
at  very  low  levels  tended  to  be  somewhat  unstable.  In  these  cases,  the  surface  was 
regenerated  using  50  mM  HCI  in  order  to  minimize  any  damaging  effects  of  the 
regeneration  procedure. 

In  most  experiments,  a  standard  intermediate  concentration  of  analyte  was  first  injected 
over  the  surface  to  provide  a  reference  sensorgram.  Then  a  series  of  varying 
concentrations  of  analyte  was  injected,  followed  by  a  second  reference  injection,  a 
repeat  of  the  concentration  series,  and  a  final  reference  injection.  With  this  procedure 
the  immobilized  surface  could  be  monitored  for  loss  of  activity,  and  test  results  checked 
for  reproducibility. 

Solution  affinity  assays 

Solution  affinity  assays  are  designed  to  measure  the  equilibrium  affinity  of  two 
moiecules  in  soiution,  using  the  BIACORE  instrument  as  a  probe  to  measure  the  free 
concentration  of  one  of  the  molecules  (45).  In  these  experiments,  rhiGFBP-3  or  one  of 
its  N-  or  C-terminal  fragments  was  immobiiized  on  a  sensor  chip  to  provide  an  active 
surface  for  measuring  the  free  concentration  of  IGF-I  or  IGF-II  in  a  mixture  of  iGF  and 


binding  protein  flowing  over  the  surface.  The  surface  was  calibrated  by  flowing  IGF  at 
different  (free)  concentrations  over  the  surface,  recording  a  sensorgram  for  each 
concentration.  Mixtures  of  IGF  and  binding  protein  or  fragment  at  various 
concentrations  were  flowed  over  the  same  surface,  and  the  calibration  curve  was  used 
to  estimate  the  free  IGF  remaining  in  solution  for  each  of  the  mixed  samples.  The 
equilibrium  affinity  constant  Ka  was  calculated  using  this  estimate  plus  the  known  total 
concentrations  of  IGF  and  binding  protein,  assuming  a  one-site  binding  model. 

Data  analysis 

Kinetic  analyses  were  carried  out  using  the  BIAEvaluation  3.0  program  (Biacore  AB), 
assuming  a  one-site  binding  model.  If  the  surface  was  judged  stable  by  inspection  of 
the  repeated  series  of  injected  analyte  concentrations,  all  sensorgrams  in  an 
experiment  were  analyzed  simultaneously  (global  analysis).  If  a  surface  showed  some 
instability,  sensorgrams  were  analyzed  individually,  and  the  results  pooled.  In  all  cases, 
special  attention  was  paid  to  the  fitted  Rmax,  which  gives  the  amount  of  analyte  bound  at 
saturation,  and  is  a  therefore  a  measure  of  the  apparent  stoichiometry  of  binding.  We 
have  observed  that  even  a  visually  good  fit  of  a  binding  model  to  sensorgram  data 
sometimes  gives  an  unreasonable  value  of  Rmax,  especially  when  analyzing  single 
sensorgrams.  Binding  parameter  estimates  were  rejected  in  such  cases. 

Model  fitting  was  first  done  allowing  the  BIAEvaluation  program  to  estimate  the  bulk 
refractive  index  effect  (Rl)  for  each  sensorgram.  Sensorgrams  were  then  inspected 
visually  to  obtain  another  estimate  of  these  values  based  on  the  step  up  in  the 
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sensorgram  at  the  start  of  the  association  phase  and  the  step  down  at  the  start  of  the 
dissociation  phase  (33).  If  the  fitted  estimates  did  not  correspond  to  the  visual 
estimates,  the  fitted  estimates  were  rejected  and  the  fit  was  redone  with  the  Rl  values 
fixed  using  the  visual  estimates.  In  a  few  experiments,  the  surface  baseline  signal  (that 
is,  the  signal  seen  when  buffer  alone  flows  over  the  surface)  drifted  slowly  downward 
through  time  (baseline  drift),  evident  in  the  10-minute  pre-association  wash  and  at  the 
end  of  the  dissociation  phase.  In  these  cases,  the  downward  drift  rate  was  estimated  by 
fitting  a  straight  line  to  the  10-minute  wash,  and  the  sensorgram  was  corrected  for  this 
drift  during  the  fitting. 
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Results 

Binding  of  IGF-I  and  iGF-ll  to  rhlGFBP-3  and  its  N-  and  C-terminal  fragments 
With  the  BIACORE  instrument,  a  binding  reaction  can  be  measured  with  either  of  the 
reacting  pair  immobilized,  and  the  other  injected  over  the  immobilized  surface.  In  this 
study,  we  attempted  to  measure  all  binding  reactions  in  both  orientations,  which  would 
be  expected  to  give  comparable  results  if  the  experimental  conditions  are  suitable. 

Figure  1  shows  the  binding  of  IGF-I  to  rhlGFBP-3  with  either  rhlGFBP-3  immobilized 
(412  RU,  Fig.  la)  or  IGF-I  immobilized  (256  RU,  Fig.  1b).  These  sensorgrams  show  the 
typical  protocol  used  in  these  studies:  a  10-minute  wash  to  allow  the  surface  to 
equilibrate  with  the  buffer,  followed  by  a  10-minute  association  phase  and  a  10-minute 
dissociation  phase.  The  short  downward  spikes  seen  in  the  sensorgrams  are 
disturbances  resulting  from  opening  and  closing  of  valves  in  the  BIACORE  instrument’s 
flow  system.  A  sharp  rise  in  signal  at  the  beginning  of  the  association  phase  and  a 
corresponding  sharp  drop  at  the  beginning  of  the  dissociation  phase  are  due  to  a  small 
refractive  index  difference  between  buffer  alone  and  buffer  containing  the  analyte 
protein. 

In  both  Fig.  la  and  1b,  the  concentration  of  analyte  was  20  nM.  The  difference  in 
maximum  analyte  bound  (75  RU  IGF-I  vs.  200  RU  rhlGFBP-3)  is  due  to  the  difference 
in  molecular  weight.  The  linearity  of  the  initial  portion  of  the  association  phase  of  the 
sensorgram  in  Fig.  1b  indicates  the  presence  of  mass  transport  effects.  However, 
analyses  of  these  experiments  with  or  without  including  mass  transport  in  the  model 
gave  comparable  results,  which  were  also  in  agreement  with  results  obtained  with 


rhlGFBP-3  immobilized  and  IGF-I  as  analyte  (e.g.  Fig.  1a). 

Figure  2  shows  the  results  of  similar  experiments  using  the  binding  protein  fragments 
rhlGFBP-3^  ®^  and  rhlGFBP-3^®-^®^.  For  each  of  the  fragments,  the  shapes  of  the 
sensorgrams  are  similar  whether  the  fragment  or  IGF-I  is  immobilized.  The  rhlGFBP-3^' 
and  rhlGFBP-399-2®^  sensorgrams  have  different  general  shapes  because  both  the 
kinetic  association  and  dissociation  constants  are  slower  for  rhlGFBP-39®'^®^  than  for 
rhlGFBP-3^'97  Table  I).  Note  that  there  is  a  downward  or  upward  drift  in  signal 
during  the  initial  wash  stage  in  the  experiments  with  binding  protein  fragments 
immobilized.  This  was  a  general  observation  during  these  studies;  that  is,  sensor  chip 
surfaces  immobilized  with  binding  protein  fragment  tend  to  be  more  unstable  than  those 
immobilized  with  full-length  rhlGFBP-3,  or  with  IGF-I. 

In  Figure  3  is  shown  a  comparison  of  the  measured  binding  affinity  for  IGF-I  binding  to 
full-length  rhlGFBP-3  or  to  the  binding  protein  fragments,  either  with  binding  protein 
immobilized  or  with  IGF-I  immobilized.  The  data  are  plotted  with  a  logarithmic  ordinate, 
and  the  results  show  that  the  affinity  of  IGF-I  for  either  rhlGFBP-3^‘97  or  rhlGFBP-399'^®^ 
is  approximately  1000-fold  lower  than  the  affinity  for  full-length  rhlGFBP-3,  with 
rhlGFBP-O®®*^®^  having  a  somewhat  lower  affinity  than  rhlGFBP-3^'97  j|^q  figure  also 
shows  that  experiments  in  either  immobilization  orientation  give  similar  measured 
affinities. 

Whenever  possible,  binding  parameter  estimates  were  obtained  from  global  fitting  to 
multiple  sensorgrams  at  different  analyte  concentrations.  An  example  of  such  an 
experiment  is  shown  in  Fig.  4.  In  this  experiment,  rhlGFBP-3  was  immobilized  at  726 


RU,  and  IGF-I  at  concentrations  from  0.5  -  50  nM  was  flowed  over  the  immobilized 
surface.  Because  of  the  high  affinity  of  IGF-I  for  rhlGFBP-3,  binding  is  affected  by  mass 
transport  limitation,  which  is  most  pronounced  at  lower  analyte  concentrations.  The 
entire  set  of  sensorgram  data  was  fitted  using  a  model  that  includes  mass  transport 
effects,  and  for  comparison  was  re-fitted  using  an  ordinary  one-site  (Langmuir)  binding 
model.  For  this  experiment,  the  computed  binding  affinities  for  the  two  different  models 
were  5.6  x  10®  and  5.8  x  10®  M  \  respectively.  The  respective  kinetic  association 
constants  were  8.3  x  10®  M'^'^and  6.4  x  10®  M-^s-\  and  the  dissociation  constants  were 
1.4  X  10"^  s'^  and  1.2  x  10^  s  L  Other  global  experiments  also  showed  a  close 
correspondence  between  the  results  using  the  two  different  models,  indicating  that  the 
estimated  binding  parameters,  especially  the  equilibrium  constants,  are  not  especially 
sensitive  to  mass  transport  effects  when  global  fitting  is  used. 

Binding  of  IGF-II  or  biotinylated  IGF-I  to  rhlGFBP-3  and  its  fragments 
All  of  the  above  experiments  were  repeated  using  IGF-II  instead  of  IGF-I.  In  all 
experiments,  the  sensorgrams  for  IGF-II  were  visually  very  similar  to  those  for  IGF-I, 
and  calculated  binding  parameters  were  also  similar,  although  IGF-II  showed  a  slightly 
higher  affinity  for  rhlGFBP-3.  Figure  5  shows  sensorgrams  for  IGF-I  and  IGF-II,  as  well 
as  a  biotin-labeled  IGF-I,  all  at  50  nM,  binding  to  the  same  immobilized  rhlGFBP-3 
surface.  These  sensorgrams  were  taken  from  a  larger  experiment  designed  for  global 
analysis.  The  top  two  sensorgrams  are  those  for  IGF-I  and  IGF-II.  Note  that  in  the 
association  phase  the  IGF-I  signal  is  higher  than  that  for  IGF-II,  which  is  due  solely  to  a 


slightly  higher  refractive  index  of  the  IGF-l-containing  buffer.  In  the  dissociation  phase, 
where  both  surfaces  are  exposed  to  the  same  buffer,  the  IGF-II  signal  is  slightly  higher, 
indicative  of  its  higher  affinity.  The  affinities  for  IGF-I  and  IGF-II  in  this  experiment, 
calculated  by  global  analysis,  were  2.1  x  10®  and  3.0  x  10®M  \  respectively. 

Table  I  gives  the  summary  of  the  calculated  binding  parameters  for  IGF-I  and  IGF-II 
binding  to  immobilized  rhlGFBP-3  or  its  N-  or  C-terminal  fragments.  The  table  only 
includes  results  from  experiments  using  immobilized  binding  protein  and  fragments,  as 
the  experiments  with  the  immobiiized  IGFs  were  judged  to  be  less  reliable,  primarily 
due  to  possible  self-association  of  binding  proteins  (see  later  discussion). 

In  this  experiment,  we  also  tested  the  binding  of  biotin-labeled  IGF-I  to  immobilized 
rhlGFBP-3.  The  lowest  of  the  curves  in  Fig.  5  shows  the  binding  of  biotin-IGF-l  to 
rhlGFBP-3.  In  this  experiment,  using  global  analysis,  the  affinity  of  biotin-IGF-l  was 
calculated  to  be  1.1  x  10®  M'\ 

Binding  of  human  insuiin  to  rhiGFBP-3  and  its  N-  and  C~terminai  fragments 
In  this  study  we  tested  the  binding  of  human  insulin  to  rhlGFBP-3  and  its  fragments, 
with  either  binding  protein  or  insulin  immobilized  on  the  sensor  chip.  In  most 
experiments,  the  observed  binding  was  very  weak  or  absent  in  either  configuration,  and 
reasonable  estimates  of  binding  parameters  could  not  be  made,  nor  could  comparisons 
be  made  of  the  relative  affinities  of  insulin  binding  to  fuii-length  rhlGFBP-3  or  its 
fragments.  Apparent  binding  was  observed  in  a  few  experiments,  and  by  comparing  this 
binding  with  controi  runs  using  IGF-I,  we  could  estimate  equilibrium  Ka’s  less  than  10® 


M  \  Figure  6  shows  an  example  of  the  weak  binding  of  human  insulin  (2  pM)  to 
immobilized  rhlGFBP-3.  For  this  sensorgram,  the  equilibrium  Ka  was  estimated  to  be 
less  than  10®  M'\  assuming  that  insulin  binds  with  the  same  stoichiometry  as  IGF-I. 

Binding  of  IGF-I  and  IGF-II  to  mac25(iGFBP-rP1)  and  CTGF(IGFBP-rP2) 

We  also  tested  the  binding  of  IGF-I,  IGF-II  and  human  insulin  to  new  members  of  the 
IGFBP  superfamily,  mac25(IGFBP-rP1)  and  CTGF(IGFBP-rP2).  In  no  case  could  we 
unambiguously  demonstrate  binding  of  IGF  or  insulin  molecules  to  these  proteins. 
Figure  7  shows  examples  of  tests  of  mac25(IGFBP-rP1)  and  CTGF(IGFBP-rP2)  binding 
to  immobilized  IGF-I. 

Self-association  of  IGFBP  and  its  fragments 

Most  of  our  experiments  using  immobilized  IGFs  gave  consistent  results,  with 
calculated  binding  parameters  very  similar  to  those  for  the  experiments  with  IGFBP 
immobilized  (see  Fig.  3).  However,  because  of  potential  inaccuracies  in  binding 
parameter  determinations  due  to  the  two-dimensional  geometry  of  binding,  we  also 
attempted  to  measure  equilibrium  binding  affinities  using  solution  affinity  assays  on  the 
BIACORE.  Our  observations  in  some  of  these  experiments  revealed  apparent  self¬ 
aggregation  of  the  IGF  binding  protein  and  its  fragments.  Figure  8  shows  one  such 
experiment,  in  which  IGF-I  at  20  nM  was  incubated  with  varying  concentrations  (2-200 
nM)  of  rhlGFBP-3  for  15-20  min  at  25  °C,  after  which  the  solution  was  passed  over  an 
rhlGFBP-3-immobilized  sensor  chip  to  record  a  sensorgram.  These  sensorgrams  were 


interleaved  with  sensorgrams  in  which  solutions  of  pure  IGF-I  at  varying  concentrations 
between  0  and  20  nM  were  injected  over  the  rhlGFBP-3  surface,  and  the  pure-IGF-l 
sensorgrams  were  used  to  construct  a  calibration  curve  of  signal  vs.  free  IGF-I 
concentration.  The  goal  was  to  use  the  calibration  curve  to  determine  the  free 
concentration  of  IGF-I  in  the  mixed  solution,  and,  along  with  the  known  total 
concentrations  of  IGF-I  and  rhlGFBP-3  in  solution,  to  perform  an  equilibrium  analysis  to 
determine  the  solution  equilibrium  binding  affinity.  Because  increasing  concentrations  of 
rhlGFBP-3  should  decrease  the  free  IGF-I  concentration,  the  signal  in  the  mixed  protein 
sensorgrams  would  be  expected  to  decrease  at  higher  rhlGFBP-3  concentrations. 
Instead,  as  shown  in  Fig.  8,  we  observed  that  the  signal  remained  constant  or  dropped 
slightly  for  rhlGFBP-3  concentrations  up  to  20  nM,  but  at  higher  concentrations  the 
signal  increased  instead  of  falling.  The  most  straightforward  interpretation  of  this  was 
that  the  rhlGFBP-3  was  itself  binding  to  the  rhlGFBP-3  immobilized  surface,  and 
therefore  solution  assays  could  not  be  done  in  this  system. 

We  then  investigated  directly  the  binding  of  rhlGFBP-3  and  its  fragments  to  each  other. 
Figure  9  shows  an  example  of  binding  of  rhlGFBP-3  or  rhlGFBP-3^8-2®no  a  surface 
immobilized  with  rhlGFBP-3^®-^®^,  in  which  binding  is  clearly  evident.  From  experiments 
using  all  combinations  of  immobilized  and  solution  proteins,  we  observed  that  rhlGFBP- 
3  and  rhlGFBP-3®®-^®^  bind  weakly  to  themselves  and  to  each  other  (apparent  Ka  -  8-30 
X  10®  that  is,  more  than  100-foid  lower  affinity  than  that  of  IGF-I  for  rhlGFBP-3), 
whereas  rhlGFBP-3^-^^  binds  very  weakly  or  not  at  all  to  itself  and  to  the  other  proteins 
(Ka  ~  0-3  X  10®  M-^).  Because  rhlGFBP-3  and  rhlGFBP-3®®-^®^  would  be  expected  to 
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aggregate  also  in  the  flow-through  solution  in  these  assays,  these  results  are 
approximate. 


Discussion 


If  the  N-  and  C-  terminal  regions  of  IGFBP-3  combine  to  form  a  high-affinity  binding  site 
for  IGF  molecules  (1 :14:15),  one  would  expect  that  the  N-  or  C-terminal  fragments  of 
IGFBP-3  might  individually  bind  IGF-I  or  IGF-II,  but  with  lower  affinity  than  the  full-length 
binding  protein.  The  binding  regions  on  the  two  fragments  couid  combine  to  form  a 
single  larger  high-affinity  site,  or  could  interact  with  two  separate  regions  on  the  IGF 
molecule  to  result  in  high  affinity  binding.  This  iast  mechanism  has  been  suggested,  for 
exampie,  for  insulin  binding  to  the  insulin  receptor  (46;47).  Our  resuits  here  show  that 
IGF-I  and  IGF-II  bind  the  N-  and  C-terminal  recombinant  fragments  rhlGFBP-3^-®^and 
rhlGFBP-3®®'^®^  with  affinities  approximateiy  1000-fold  lower  than  that  of  the  IGFs  for  full- 
length  rhlGFBP-3.  These  results  are  consistent  with  the  idea  that  the  combination  of  the 
two  sites  resuits  in  high-affinity  binding,  but  do  not  distinguish  whether  there  is  a  single 
high-affinity  binding  site  or  two  separate  sites. 

Recentiy,  Gaianis  ef  a/(38)  studied  the  binding  of  IGF-i  and  IGF-II  to  N-terminal  (1-88) 
and  C-terminal  (165-264)  IGFBP-3  fragments  using  a  BIACORE  instrument.  For  the  N- 
terminal  fragment,  they  measured  equilibrium  affinities  of  1.03  x  10^  M'^  and  6.16  x  10^ 
M"'  for  IGF-I  and  IGF-II  binding,  respectively,  as  compared  to  our  measurements  of 
about  0.6  X  10^  M"*  for  both  IGF-I  and  IGF-II.  They  did  not  quote  an  affinity  for  IGF-I  or 
IGF-II  binding  to  their  C-terminal  fragment  using  the  BIACORE,  but  were  able  to 
observe  binding  using  solution  assays.  Interestingly,  they  found  that  the  1-88  N-terminal 
fragment  could  not  be  immobilized  using  the  amine  coupling  method,  and  that  the  165- 
264  C-terminai  fragment  could  be  immobilized,  but  was  inactive  in  BIACORE  assays.  In 


contrast,  both  our  1-97  N-terminal  and  98-264  C-terminal  fragments  could  be 
immobilized  and  retained  activity,  and  both  were  also  active  in  binding  to  immobilized 
IGF-I  (38). 

Our  measurements  of  the  binding  of  IGF-I  and  IGF-II  to  full-length  rhlGFBP-3  indicate 
equilibrium  affinities  in  the  range  of  4-5  x  10®  M  V  These  estimates  are  lower  than  those 
measured  using  ^25|-iabeled  IGFs,  where  affinities  between  8x10®  and  152  x  10®  M- 
^  have  been  reported  (quoted  and  summarized  in  (36)).  We  had  observed  a  similar 
difference  in  an  earlier  study  of  IGF  analogue  binding  to  IGFBP-3  (33),  but  it  is  not  clear 
whether  this  is  due  to  the  different  conditions  of  binding,  or  to  differences  in  analytical 
methods. 

Wong  et  al  (36),  using  a  BIACORE  instrument,  calculated  an  affinity  of  18.4  x  10®  M"" 
for  IGF-I  binding  to  a  human  recombinant  IGFBP-3.  These  results  are  apparently  the 
average  of  separate  determinations  of  the  kinetic  binding  parameters  from  individual 
sensorgrams,  whereas  our  results  for  IGF-I  binding  to  immobilized  rhlGFBP-3  are 
derived  from  global  analyses  (43:44),  in  which  a  binding  model  is  fitted  simultaneously 
to  data  from  multiple  sensorgrams  at  different  analyte  concentrations.  Global  analyses 
should  be  more  accurate,  since  they  assume  a  common  value  in  all  sensorgrams  for 
Rmax,  the  maximum  analyte  bound  at  saturation,  whereas  analyses  of  single 
sensorgrams  from  the  same  experiment  can  yield  different  apparent  values  of  Rmax, 
which  is  unrealistic. 

Galanis  etal  (38)  also  determined  a  high  affinity  (1  x  10”  M”)  for  full-length  lGFBP-3 
binding  to  immobilized  IGF-I,  as  compared  to  our  estimate  of  7  x  10®  M-1  under  similar 
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conditions.  Their  high  affinity  was  primarily  due  to  a  very  low  kinetic  kd  (1x10'®  s'^ 
compared  to  3  x  lO'^  s'^  in  our  experiments).  One  explanation  we  can  offer  for  the 
difference  is  that  Galanis  et  al  conducted  their  assays  at  a  flow  rate  of  5  pl/min, 
whereas  ours  were  done  at  50  pl/min.  It  is  well-known  (48;49)  that  for  high-affinity 
interactions  such  as  that  between  IGF-I  and  IGFBP-3,  there  can  be  significant  rebinding 
of  analyte  during  the  dissociation  phase,  and  this  can  be  expected  to  decrease  the 
apparent  dissociation  rate. 

Here,  and  in  our  previous  study  3  (33),  our  data  show  that  IGF-ll  binds  rhlGFBP-3  with 
slightly  higher  affinity  than  does  IGF-I,  which  was  also  observed  in  other  studies  in  the 
literature  (50). 

Our  measurements  of  binding  of  biotinylated  IGF-I  to  rhlGFBP-3,  using  global  analysis, 
show  that  the  kinetic  association  constant  is  reduced  by  a  factor  of  3,  and  the  kinetic 
dissociation  constant  increased  by  a  factor  of  1 .4  relative  to  non-biotinylated  IGF-I.  This 
results  in  a  4-fold  reduction  in  the  apparent  equilibrium  affinity  of  biotinylated  IGF-I 
relative  to  non-biotinylated  IGF-I.  These  are  relatively  small  differences,  indicating  that 
biotinylation  of  IGF-I  does  not  greatly  interfere  with  its  binding  to  IGFBPs.  It  is  of  note 
that  labeling  with  iodine  resulted  in  an  affinity  change  of  labeled  IGFs  to  IGFBP-3  (51). 
Thus,  the  biotinylated  IGF-I  could  be  a  better  alternative  to  ^^spiGF-l  in  experiments 
requiring  labeled  hormone. 

With  the  BIACORE  instrument,  there  is  always  the  concern  that  the  two-dimensional 
binding  geometry  can  lead  to  inaccuracies  in  binding  parameter  measurements,  for 
example  from  mass  transport  limitation  or  steric  hindrance  (52),  or  because  of 


inactivation  of  ligands  due  to  immobilization  on  the  sensor  chip  surface.  In  order  to  test 
the  magnitude  of  such  possible  effects,  we  attempted  to  measure  binding  affinities  in 
solution.  For  such  an  experiment  to  give  reliable  results,  one  of  the  requirements  is  that 
the  signal  observed  when  flowing  the  mixed  sample  over  the  surface  is  due  only  to  the 
free  IGF  in  solution.  As  shown  earlier  (see  Figs.  8  and  9),  this  requirement  does  not 
hold  for  rhlGFBP-3  and  rhlGFBP-3®®-^®^,  since  these  molecules  bind  to  each  other  in 
BIACORE  assays  and  presumably  self-associate  in  solution.  Therefore  the  solution 
assay  cannot  reliably  be  used  for  these  molecules.  Although  solution  assays  might  be 
possible  for  rhlGFBP-3^'®^  since  its  self-association  is  much  less  than  that  of  rhlGFBP-3 
or  rhlGFBP-3®®-2®^,  pgt  systematically  investigate  this. 

The  observation  of  self-association  also  raises  questions  about  the  accuracy  of  binding 
results  obtained  using  binding  proteins  in  the  flow  solution  and,  for  example, 
immobilized  IGF.  At  high  concentrations,  there  could  be  a  significant  amount  of  self- 
aggregated  binding  protein  in  solution,  which  could  introduce  errors  in  the  binding 
analysis.  Furthermore,  there  is  the  possibility  that  binding  protein  might  bind  to  other 
binding  protein  molecules  already  associated  to  the  immobilized  IGF.  To  analyze  these 
phenomena  in  detail  would  require  further  investigation,  but  these  observations  suggest 
that  binding  analyses  with  immobilized  binding  proteins,  such  as  the  results  shown  in 
Table  1,  should  be  more  reliable  than  those  with  immobilized  IGFs. 

On  the  basis  of  evidence  that  activation  of  the  insulin  receptor  is  inhibited  by  IGFBPs, 
and  that  mac25(IGFBP-rP1)  is  able  to  bind  insulin  (13),  we  tested  the  binding  of  human 
insulin  to  rhlGFBP-3,  and  to  the  recombinant  mac25(IGFBP-rP1)  and  CTGF(IGFBP- 


rP2)  molecules  using  the  BIACORE  instrument.  We  also  tested  insulin  binding  to  the 
IGFBP  recombinant  fragments  rhlGFBP-3^  ®^  and  rhlGFBP®®"^®^.  Most  experiments  could 
not  confirm  binding,  but  in  a  few  experiments  the  binding  of  insulin  to  rhlGFBP-3  (see 
Fig.  6)  was  detectable,  indicating  that  insulin  may  bind  IGFBP-3  with  low  affinity,  as  we 
had  previously  observed  (33).  We  could  not  detect  binding  of  insulin  to  the  IGFBP- 
related  proteins,  nor  to  the  rhlGFBP-3  fragments,  in  these  biosensor  assays. 

We  tested  the  binding  of  IGF-I  and  IGF-II  to  the  mac25(IGFBP-rP1)  and  CTGF(IGFBP- 
rP2)  molecules,  with  either  the  BP-rP  or  the  IGF  molecules  immobilized,  at  analyte 
concentrations  up  to  500  nM.  In  no  case  could  we  detect  binding  using  the  biosensor 
instrument  (see  Fig.  7).  These  results  were  unexpected,  since  there  is  evidence  for 
binding  of  both  IGF-I  and  insulin  to  the  binding  protein  molecules,  from  studies  using 
radiolabeled  IGF  molecules  (13;20).  However,  since  binding  affinities  less  than  about 
10®  M"’  or  10®  M'^  are  difficult  to  detect  using  the  biosensor,  we  cannot  rule  out  that 
there  is  weak  binding  below  the  detection  limit  of  the  instrument.  There  is  an  indication 
from  affinity  cross-linking  studies  that  IGF-I  binding  affinity  for  mac25(IGFBP-rP1)  may 
be  higher  than  these  values  (13:53)  so  it  remains  to  be  determined  whether  our  inability 
to  detect  binding  on  the  biosensor  instrument  is  because  of  differences  in  binding 
conditions,  or  because  cross-linking  experiments  are  in  fact  measuring  extremely  low 


binding  affinities. 
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Table  Legend 

Table  I  Binding  parameters  (  S.E.)  for  IGF-I  and  IGF-II  binding  to  immcbilized 
rhlGFBP-3,  rhlGFEP-3^-®^and  itilGFBP-3®®-^®^.  a)  Equilibrium  affinity,  1^  (M-^)  b) 
Kinetb  associatbn  constant,  (IVT^  s'^)  c)  Kindic  dissociion  corstant,  Ki  (s'^). 
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Figure  Legends 

Figure  1:  a)  IGF-I  (2D  nM)  binding  to  immobilized  full-length  rhlGFBP-3  (41 2  RU). 
HBS  buffer  was  flowed  over  the  surface  fa  1 2  mhutes,  fallowed  by  5  mhutes  of 
assocatbn  and  10  minutes  of  dissoc'etion  of  IGF-I.  b)  Ful-length  itilGFBP3  (20 
nM)  binding  to  immobilized  IGF-I  (29d  RU). 

Figure  2.  a)  IGF-I  (ICBO  nM)  bndng  to  immobilized  rhlGFBP3^-®^(1245  RU).  b) 
rhlGFBP'3^-®^  (200  nM)  binding  to  immobilized  IGF-I  (522  RU).  c)  IGF-I  tOO  nM) 
binding  to  immobilized  rhlGFBP3®8-264(2253  RU)  d)rhlGFBP398-264(i000  nM) 
binding  to  immobilized  IGF-I  (19I  RU). 

Figure  3.  Comparison  of  messured  IGF-I  binding  affinities  in  opposite  immoblization 
orientations.  Solid  bars:  Binding  protein  or  fragment  immobilized,  IGF-I  in  tie  flow¬ 
through  buffe.  Open  bars:  IGF-I  mmobilized,  binding  protein  or  fragment  in  the 
flow-throu^  buffer.  Error  bars  showstarriard  devations. 

Figure  4.  Exampfe  of  a  data  set  used  for  global  binding  analysis:  IGF-I  (bottom  to 
top  curves  -  0.5, 1,  2,  5  10,  20,  50  nM)  binding  to  immobilized  full-length  rhlGFB=-3 
(726  FU).  The  linearity  of  the  early  part  of  the  association  pteses,  moS  pronounced 
at  bw  concertrations,  hdicates  mass  transport  limitation. 

Figure  5.  Sensor^ams  forIGF-l,  IGF-II  and  biotinylated  IGF-1,  all  at  50nM,  binding 
to  imnabilized  full-len^h  rhlGFB’-3  (15B  RU).  S3lid  line:  IGF-I;  dashed  lire:  IGF- 
II;  dotted  line:  bbtinylated  GF-I.  The  IGF-I  curve  is  hi^ier  than  that  Ibr  IGF-II  in  the 
assocatbn  phasebecaise  of  a  difference  h  refractive  index  of  the  two  soLtions.  In 
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thedissocBtbn  phasQ  where  the  ftow-thteucfi  buffers  are  identical,  the  IGF-II  curve 
is  higher,  indbatrg  that  more  IGF-II  than  IGF-I  was  bound  to  the  surface. 

Figure  6.  Interactbn  of  human  hsulin  (2000  nIV}  with  tull-len^h  rhlGFBP-3  (412 
RU).  The  rising  association  phase  and  falling  dssociation  phase  indcate  apparent 
bindhg,  but  with  very  low  affinity,  and  rear  the  detectbn  limit  of  the  instrument. 

Figure  7.  Interaction  of  a)  mac25  (IGFEP-rPI)and  b)CTGF  (IGFBP-rP2),  with 
immobilized  IGF-I  (632  RU).  Ending  is  below  the  detection  limit  of  the  instrument. 

Figure  8.  Interactbn  of  a  mixture  of  IGF-I  (20  nM)  artd  full-len^h  rhlGFBP-3  (0-200 
nM)  with  a  sensor  chip  surface  on  which  full-length  rhlGFBP-3  is  irimobilized  (522 
RU)  Solid  lines:  20  nM  IGF-I  plusO-20  nM  rhlGFBP-3;  Dotted  lines:  20  nM  IGF-I 
plus,  bottom  to  top,  50, 100,200  nMrhlGFBP-3. 

Figure  9.  Interaction  of  tolMen^h  rhlGFBP3  and  rhlGFBP-398-264  with  immobilized 
rhlGFBP-398-2®''(2307  RU).  Solid  lines:  rhlGFBP-3  (bottom  to  top:  50, 200,  500  nM). 
Dashedlines:  hlGFBP-3?®-2®^ (bottom  to  top:  50,  200, 500  nM). 


